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ABSTRACT
INFLUENCE OF NONEQUILIBRIUM RADIATION AND SHAPE 
CHANGE ON THE FLOWFIELD OF A JUPITER PROBE WITH 
ABLATION AND MASS INJECTION
SUNDARESA VENKATA SUBRAMANIAN
OLD DOMINION UNIVERSITY, 1980 
DIRECTOR: DR. SURENDRA N. TIWARI
The influence of nonequilibrium rad ia tive  energy trans fe r and the 
e ffe c t o f probe configuration changes on the flow  phenomena around a 
Jovian entry body is  investigated. The rad ia ting  shock-layer flow is  
assumed to  be axisymmetric, viscous, laminar and in  chemical equilibrium . 
The ra d ia tiv e 'tra n s fe r equations are derived under nonequilibrium 
conditions which include m u lti- le ve l energy tra n s itio n s . The equilibrium  
rad ia tive  trans fe r is  calculated w ith an ex is ting  nongray radiation  model 
which accounts fo r  molecular band, atomic lin e  and continuum tra n s itio n s . 
The nonequilibrium resu lts  are obtained w ith and w ithout ablation 
in je c tio n  in the shock layer. The nonequilibrium resu lts  are found to be 
influenced greatly  by the temperature d is tr ib u tio n  in  the shock layer.
In the absence o f ab la tive products, the convective and rad ia tive  
heating to  the entry body are reduced s ig n if ic a n tly  under nonequilibrium 
conditions. The influence o f nonequilibrium is  found to be greater at 
higher entry a ltitu d e s . With coupled ablation and carbon phenolic 
in je c tio n , 16 chemical species are used in  the ab la tion layer fo r rad ia­
tion  absorption. Equilibrium  and nonequilibrium resu lts  are compared 
under peak heating conditions. For the study o f the probe shape change 
e ffe c ts , the in i t ia l  body shapes considered are 45-degree sphere cone,
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
35-hyperboloid, and 45-degree e llip s o id . In a ll three cases, the resu lts  
ind icate  tha t the shock-layer f lo w fie ld  and heat trans fe r to the body are 
influenced s ig n if ic a n tly  by the probe shape change. The e ffe c t o f shape 
change on rad ia tive  heating o f the after-bodies is  found to be 
considerably la rger fo r  the sphere cone and e llip s o id  than fo r  the 
hyperboloid.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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11. INTRODUCTION
During the exploratory missions to the planetary atmospheres the 
entry spacecraft is  subjected to various flow  environments and heating 
conditions. The type and intensiveness o f th is  heating mainly depends 
on the atmospheric composition o f the planet and the tra je c to ry  of the 
entry vehicle. At hypersonic entry conditions, rad ia tion  plays a very 
important ro le  in  the analysis o f the flow  phenomena around the 
planetary entry body. The rad ia tive  energy transferred to the body from 
the high temperature shock-layer gas exceeds the convective and aero­
dynamic heating rates. The problem o f rad ia tive  heating of planetary 
entry bodies have been investigated extensively in  the lite ra tu re  [1 -4 ] . 
One such s itua tion  where the rad ia tive  heating constitu tes the major 
portion o f the heat transferred to the probe is  the case of Jovian entry 
heating [5 -8 ]. In order to  study the composition and structure of the 
Ju p ite r's  atmosphere, the National Aeronautics and Space Administration 
has scheduled a probe spacecraft to  enter the planet Jup ite r in  1985.
At times, the entry ve lo c ity  o f the Jup ite r probe is  expected to  exceed 
40 km/sec. The probe has to survive the intense rad ia tive  heating 
during th is  high speed entry mission. For th is  purpose, the probe is  
normally coated w ith ab la tive  heat shield m ateria ls. As the probe 
advances through the Jovian atmsophere the heat shield ablates and forms
*
The numbers in brackets indicate references
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2a protective  layer o f cool gases around the probe and these are respon­
s ib le  mainly fo r  absorbing the incoming rad ia tion . For the Jovian entry 
probe, i t  has been estimated tha t the heat shield weight fo r  thermal 
protection w il l  be as much as 45 percent o f the to ta l weight o f the 
probe. Since experimental fa c i l i t ie s  cannot adequately simulate the 
conditions expected during a Jovian entry mission, most o f the required 
information must be obtained from theore tica l studies. This is  
p a rtic u la r ly  true fo r  investiga ting  the extent o f ra d ia tive  heating to 
the entry body.
In order to assess the magnitude o f rad ia tive  heating to the Jovian 
entry body (and i t s  influence on convecting heating and other flow 
phenomena), i t  is  essential to  employ meaningful ra d ia tive  transport 
models in analyzing the shock-layer flow phenomena. In formulating the 
trans fe r equations fo r  rad ia ting  gases, i t  is  normally assumed tha t the 
gas is  in  local thermodynamic equilibrium  (LTE). With th is  assumption, 
the trans fe r equation is  s im p lified  s ig n if ic a n tly  as the populations of 
the various atomic and molecular states are given by the equilibrium  
(Boltzmann) d is tr ib u tio n . For a wide range o f conditions encountered in 
high speed gas dynamics, the tra n s itio ns  to  or from the excited energy 
states are p rim a rily  due to atomic and molecular c o llis io n a l process 
(rather than rad ia tive  emission and absorption process). Under these 
conditions, the assumption o f LTE is  usually ju s t i f ie d .  There are 
s itu a tion s , however, where th is  assumption cannot be ju s t i f ie d  and con­
d itio n s  of non-local thermodynamic equ ilib rium  (NLTE) may e x is t. In a 
very s t r ic t  sense, NLTE corresponds to the condition where population 
densities o f various energy levels deviate from the equilib rium  
(Boltzmann) d is tr ib u tio n . Quite o ften , i t  has been speculated tha t use
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3o f a LTE ra d ia tive  transport model may not be ju s t i f ie d  in a shock-heated 
plasma. This is  because, fo r  the combined conditions o f high v e lo c it ie s , 
high temperatures and low dens ities , the p ro b a b ility  o f a rad ia tive  
tra n s itio n  becomes comparable with the p ro b a b ility  of corresponding 
c o llis io n a l tra n s itio n s  [9 ].  Unless the gas is  o p tic a lly  th ic k  the 
emission o f a photon is  a process th a t is  not balanced by i t s  inverse. 
Consequently, the population d is tr ib u tio n  among the energy leve ls departs 
from tha t predicted by the Boltzmann equation. Only one tra n s itio n  in  
one atom, molecule or ion need be unbalanced in  th is  way to  inva lida te  
the LTE assumption.
Most analyses ava ilab le  on the NLTE rad ia tive  heat trans fe r are 
lim ited  to v ib ra tio n a lly  excited in fra red  active  diatomic and tria tom ic  
molecules [10-13]. This s itu a tio n  is  encountered in some engineering and 
upper atmospheric studies. The rad ia tive  processes associated w ith the 
Jovian entry conditions, however, correspond to u ltra v io le t rad ia tion  and 
involve e lectron ic  tra n s itio n s . Furthermore, the shock-layer gas consists 
o f molecules and atmos as well as charged p a rtic le s . Hence, the studies 
available on the NLTE rad ia tive  heat trans fe r are not p a rtic u la r ly  
su itab le  fo r  Jovian entry conditions. One p a rticu la r study by Horton 
[14] estimates the importance of nonequilibrium rad ia tion  during a 
hypersonic entry in to  the Ju p ite r 's  atmosphere. I t  is  concluded, in  th is  
study, th a t the NLTE e ffe c t depletes the ablation layer thickness. This 
leaves the ab la tive  products more transparent and the absorption of 
rad iation  by these species is  less than the equilibrium  value. As a 
re s u lt, the net ra d ia tive  heat f lu x  to  the probe surface is  more under 
NLTE conditions. Although th is  conclusion is  in general agreement w ith 
the kind o f behavior expected in an ablation contaminated nonequilibrium
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4boundary layer flow , the analysis is  not complete. I t  is  important to 
remember tha t the NLTE phenomena is  among the gas particu les themselves 
rather than between the gas and the radiation f ie ld .  Thus, essen tia lly  
no study is  availab le tha t trea ts  the problem o f NLTE rad ia tive  transfer 
under planetary entry conditions in a systematic manner.
Under NLTE, there are more pa rtic les  in the higher energy levels 
than normally predicted by the equilibrium  theory. This is  because the 
pa rtic les  take considerably longer time to establish a deexcitation 
c o llis io n  in  a nonequilibrium f ie ld .  The over population of the excited 
energy levels leaves the unexcited levels under populated. As a d ire c t 
consequence of th is ,  the absorption pattern o f the pa rtic les  is  not the 
same as the equ ilib rium  absorption behavior (since a p a rtic le  in  an 
unexcited state is  capable o f absorbing more rad ia tion  than the one in 
an excited s ta te ). Hence, a more detailed analysis o f the absorption 
cross section o f these p a rtic le s  has to be made under both the LTE and 
NLTE conditions. The frequency dependent absorption co e ffic ie n t fo r a 
nongray gas analysis may be treated e ithe r in de ta il or by a "step model". 
There are several methods available in the lite ra tu re  fo r  deta iled com­
putation of the equ ilibrium  absorption c o e ffic ie n t [15-17]. In a step 
model, the frequency dependence is  broken in to  a number o f d iscrete 
steps. Zoby et a l . [18] developed a 58-step model fo r  the hydrogen and 
helium mixture. For th is  case, a 30-step model developed by Tiwari and 
Subramanian [19] s im p lifie s  the analysis even fu rth e r and the resu lts  
compare well w ith the other two models under certa in  conditions. In 
general, the nonequilibrium absorption co e ffic ie n t is  obtained by 
m u ltip ly ing  the equilib rium  values by a nonequilibrium fa c to r. This 
fa c to r is  a function o f the in te n s ity  of the incident ra d ia tio n ,
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5co llis io n a l re laxation time of the p a rtic le  under investiga tion  and the 
rad ia tive  life tim e  o f the excited state. I t  is ,  therefore, important to 
fin d  an appropriate re la tio n  fo r  th is  nonequilibrium fa c to r fo r  the 
Jovian entry conditions.
A fte r evaluation of the spectral absorption c o e ffic ie n t, the next 
step is  to develop an appropriate expression fo r  spectral and to ta l 
rad ia tive  heat fluxes. The expression fo r  the to ta l rad ia tive  transport 
involves in tegra tion  over both the frequency spectrum and the physical 
space. In general, the problem o f rad ia tive  exhange is  a complex three 
dimensional phenomena. The inclusion o f nonequilibrium formulation adds 
to  th is  complexity with d iffe re n t chemical species at d iffe re n t energy 
leve ls. Hence, reasonable assumptions are required in order to  obtain 
meaningful solutions of the transfe r equation. In many physica lly 
re a lis t ic  problems, the complexity of the three-dimensional rad ia tive  
transfe r can be reduced by in troduction o f the "tangent slab 
approximation". This approximation trea ts  the gas layer as a one­
dimensional slab in the ca lcu la tion of rad ia tive  transport. Radiation 
in d irections other than normal to e ithe r the body or shock is  neglected. 
The methods fo r  ca lcu la ting the divergence o f the rad ia tive  f lu x  and 
other conservation equations are available in  [ 20- 22] .
Another problem which arises d ire c tly  from the rad ia tive  heating 
rates is  the e ffe c t o f shape change and mass loss on the flow f ie ld  o f a 
Jovian entry body. For exploratory missions to planets such as Mars and 
Venus, the levels o f heating to  the entry probe are not severe enough to 
change s ig n if ic a n tly  the mass and shape of the probe. In contrast, the 
large rad ia tive  heating rates associated w ith Jovian entry resu lts  in 
massive ablation o f the protective heat shield material as the probe
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6advances through the atmosphere [23 ]. This, in  tu rn , resu lts  in  d iffe re n t 
probe configurations at d iffe re n t s ta tions along the entry tra je c to ry .
This change o f shape can a ffe c t s ig n if ic a n tly  the flow  pattern and the 
heating rate d is tr ib u tio n  around the probe. Sutton et a l . [24-26] have 
presented an in v isc id  f lo w -fie ld  analysis fo r  investiga ting  the e ffects  
o f the recession o f the heat shield caused by rad ia tive  heating to  the 
Jup ite r probe. The in i t ia l  probe configurations considered were hyper­
boloids and spherecones. Important studies available on the e ffec ts  of 
mass loss, shape change and real-gas aerodynamics of a Jovian atmospheric 
probe are discussed in  a survey a r t ic le  by Walberg e t a l . [27 ]. I t  is  
c lear from the review of th is  a r t ic le  tha t fu rth e r studies are needed 
to  investigate the e ffects  o f the shape changes on heating of the 
forebody and afterbody o f d iffe re n t Jovian entry probes.
From the lite ra tu re  survey, i t  is  c lear tha t no work is  available 
which considers the influence of non-local thermodynamic equilibrium  
rad ia tive  heating flow  phenomena around a Jovian entry body. A few 
available studies are e ithe r inappropriate or provide very l i t t l e  
information fo r  nonequilibrium analysis under Jovian entry conditions.
The presence of d iffe re n t ab la tive  species fu rth e r complicates the 
nonequilibrium analysis. For a correct NLTE analysis, i t  is  essential 
to  consider the various exc ita tion  and deexcitation p ro b a b ilit ie s  o f a ll 
important species in  the shock layer. I t  is  important to  rea lize  tha t 
through an e n tire ly  d iffe re n t temperature d is tr ib u tio n , the NLTE rad ia tive  
transfe r influences s ig n if ic a n tly  the convective heating rate as well as 
other flow  properties in  the shock laye r. Since an accurate determination 
o f the to ta l heating rate is  essential fo r  the design o f the heat shield 
and fo r  assessing the survival o f the entry probe, i t  is  necessary to
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7investigate the extent o f NLTE influence on the en tire  shock-layer flow 
phenomena in  a systematic manner.
The primary objectives o f th is  study, there fore , are tw o-fo ld :
F irs t to  investigate the influence o f NLTE rad ia tive  tra n s fe r; and then 
to  determine the e ffec ts  o f changes in  probe configurations on the en tire  
shock-layer flow phenomena. To accomplish th is  in a systematic manner, 
the present study is  divided in to  four major areas: (1) S ignificance
of rad ia tion  models on the f lo w - f ie ld  so lu tions, (2) Influence o f NLTE 
rad ia tion  without ablation in je c tio n , (3) Importance o f NLTE rad ia tion  
w ith ablation in je c tio n , and (4) E ffect o f probe shape change on the flow 
phenomena.
The basic formulation o f the en tire  problem considered fo r  the 
present study is  given in  Chapter 2. Discussions on the rad ia tive  
transfe r equations, rad ia tion  absorption models, and ra d ia tive  f lu x  
equations ( fo r both the LTE and NLTE conditions) are presented in  
Chapter 3. Information on c o llis io n a l re laxation times and rad ia tive  
life tim e s  of d iffe re n t species (in  th e ir  appropriate states) are 
presented in Chapter 4. Thermodynamic and transport properties fo r  each 
species considered in  the shock layer are given in Chapter 5. Solution 
procedures fo r the NLTE ra d ia tive  f lu x  equations and other shock-layer 
equations are presented in  Chapter 6 . The e n tire  re su lts  o f the study 
are discussed in Chapter 7.
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82. BASIC FORMULATION
The physical model and coordinate system fo r  a Jovian entry body are 
shown in Fig. la . In th is  f ig u re , s is  the distance measured along the 
body surface and n is  the distance normal to  the body surface. The
flow  in  the shock layer is  considered to be axisymmetric, steady,
rad ia ting  and in  chemical equ ilib rium . Both in v isc id  as well as viscous 
shock-layer analyses are considered in  the present study. The basic 
governing equations (along w ith the appropriate boundary conditions) are 
presented in  th is  chapter.
2.1 Inv isc id  Flow Equations
For the physical model considered, the governing equations fo r
in v isc id  flow  are expressed as [28, 29]
Continu ity:
(9/9s) [(r+n cos 0 )pu] + (9/9n) (r^pv) = 0 (2 . 1)
s-momentum:
(u /r)  (3u/3s) + v (3u/9n) + u v k / T  + (1/p r )  (9p/9s) = 0 (2 . 2 )
n-momentum:
(u/T) (9v/9s) + v (9v/9n) - u2K /r + p" 1 (9p/9y) = 0 (2.3)
Energy:
(u/T) (9h/9s) + v (9h/9n) - (u /p r) (9p/9s) - (v/p) (3p/3n)
(2.4)
+ (1/p ) (d iv qR) = 0
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where
r  = 1 + ni<
div qR = (9qR/9n) + qR (k/T + cos 0/ r )
I t  should be noted tha t the above equations are w ritten  in  nondimensional 
form. The quantities used to nondimensionalize these equations are 
defined as:
2.2 Viscous Flow Equations
Basic governing equations fo r viscous shock layer are obtained from 
the steady-state Navier-Stokes equations by keeping terms up to  second 
order in  the inverse square root o f the Reynolds number, e, as [5,30] 
C ontin ity :
(9/9s) [(r+n cos 0 ) u] + (9/3n) (Tcpv) = 0 (2 .6 )
s-momentum:
p [(u /r )  (9u/9s) + v(9u/9n) + u v k / T ]  + T"1(3p/3s)
*  *  *  *  
S  = s /Rn n = n /Rn
(2.5)
e2[(9/9n) (9ip) + u(2k/T + cos 0/e)iJ>] (2.7)
n-momentum:
p[(u/T) (9v/3s) + v (3v/9n) - u 2 k / T ]  + 3p/9n = 0 (2 .8 )
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Energy:
p [ ( u / r )  (3H/3s) + v (3H/3n)] - v 3p/3n + pu2 vk/T
= e2[3/3n ($ + $ ) ]
1 2
- [3qR/3n + qR (K /r+cos 0 / r ) ]  (2.9)
where
V = 3u/3n - uic/r
NS N s
' i  = y/Pr (3H/3n) - y/P r Z h. (3c./3n) - Z h. J.
i= l 1 1 i= l 1 1
+ y/Pr (Pr - 1) u (3u/3n) - yicu / r  (2.9a)
$ = [( ic /r )  + cos 6/ ( r  + n cos 6 ) ]  [y /P r (3H/3n)
2 Ns N.
- y/P r Z h. (3c./3n) -  Zb h. J.
i= l 1 1 i= l 1 1
2
+ y/Pr (Pr-1) u 3u/3n - yicu / r ]  (2.9b)
2 2
In the preceding equations, the to ta l enthalpy H = (u + v )/2  + h and
J.j is  the mass flu x  re la tiv e  to the mass ve lo c ity  and is  given by [31,32]
= -(y /P r) Le (Sc^Sn) (2.10)
In Eq. (2.T0) Le represents the multicomponent Lewis number and, in  the 
present analysis, is  taken to  be a constant fo r  a ll species as 1.10. In 
addition to the quantities given in Eq. (2 .5 ), the terms used to 
nondimensionalize the above set o f viscous equations are
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
In addition to  the preceding set o f equations fo r  the in v isc id  and
viscous shock-layer flow , the species co n tin u ity  equation and equation
o f state are needed to complete the set o f equations. The species
con tinu ity  is  given by the expression
p [ ( u / r )  (3C./9S) + v (3C./3n)] = ( c V r ? )  CO/3n) ( r ? J . ) ]  (2 .12)
where
z, = r  + n cos 0 (2 . 12)
The equation o f state fo r  the gas, in  general, can be expressed as
p = p T(R*/M* Cp jJ  (2 .13)
where C_ represents the spec ific  heat o f the gas at the free-stream
P 5 00
conditions. The expression fo r  the equation o f sta te fo r  a hydrogen/ 
helium mixture is  given by Zoby et a l . as [33]
T* = CT[ (p* /1013250 )JV ( p * /0 .0 0 1 2 9 2 ) k] (2 .14)
H = CH[ ( p  /10 13250)m/ ( p  / 0 . 001292) n] (R TQ/M ) (2 .1 4 a )
where
k = 0.65206 -  0.04407 £n(XH2)
£ = 0.67389 -  0.04637 £n(XH2)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
13
m = 0.95252 - 0.1447 *n(XH2) 
n = 0.97556 - 0.16149 £n(XH2)
Ut  = sin 6 [1 + 0.7476(1-XH2) ]
CTU = -  545.37 + 61.608 Ut  - 22459 U* + 0.039922 U*
- 0.00035148 U^  + 0.0000012361 U^
CHU = 5.6611 -  0.52661 U* + 0.020376 Ut  - 0.00037861 U*
+ 0.0000034265 u£ - 0.000000012206 U^
CT = CTU + 61.2 (1-XH2)
CH = CHU - 0.3167 (1-XH2)
and H^ 2 represents the mole fra c tio n  o f H2.
2.3 Free-Stream and Boundary Conditions
The Jup ite r atmosphere mainly consists o f hydrogen and helium gases. 
In the past, the nominal composition o f the atmosphere was assumed to  be 
85 percent hydrogen and 15 percent helium [34 ]. For d iffe re n t entry 
times and a lt itu d e s , the free stream conditions are d iffe re n t. The 
values used in  the present study a t d iffe re n t a ltitu d e s  are given in
Table I .  The free-stream enthalpy can be calculated by the re la tion  [35]
H = 1.527 RT (2.15)
00 00 '  '
where R = 8.135 Joules/K-mole, is  the universal gas constant. The 
number density o f hydrogen can be calculated by the ideal gas law and 
the re la tio n  can be given as
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T a b l e  1 .  F r e e - s t r e a m  c o n d i t i o n s  f o r  J o v i a n  e n t r y .
A l t i t u d e  
Z ,k m
V e l o c i t y
V * ,  k m / s e c00
D e n s i t y  
p * ,  k g / m 3
P r e s s u r e
p * ,  N / m 2 00
T e m p e r a t u r e  
T * .  Koo
109 35.207 7 . 197E-4 443 .02 163.72
116 39.09 4.360E-4 245.00 166.91
138 44.04 2 . 127E-4 132.00 167.02
15
22
HH. = (7.243117 x 10 ) ( P J J J  XR (2.16)
where XH is  the mole fra c tio n  o f
In order to solve the set o f governing equations given in Secs. 2.1 
and 2.2, i t  is  essential to  specify appropriate boundary conditions at 
the body surface and shock in te rface . In a l l  cases, the boundary condi­
tions immediately behind the shock wave are calculated by using the 
Rankine - Hugoniot re la tions . In the viscous analysis, the no -s lip  and 
no-temperature-jump boundary conditions are used. Consequently, the 
ve lo c itie s  at the surface are
The boundary condition given by Eq. (2.18) is  va lid  only fo r  the 
case w ith no mass in je c tio n . For th is  case, the temperature a t the wall 
is  usually specified as
For the case of ablation mass in je c tio n , the wall temperature is  e ithe r 
specified or calculated. For the calculated wall temperature conditions, 
the wall temperature is  the sublimation temperature of the ablator surface. 
Moreover, the ablation process is  assumed to be quasi-steady. With these 
assumptions, the expressions fo r the coupled mass in je c tio n  rate and the 
sublimation temperature (fo r the carbon-phenolic heat shield material 
considered in  th is  study) are given by
u(o,n) = uw = 0 
v(o,n) = vw = 0 (2.18)
(2.17)
Tw = const, w (2.19)
(2 . 20)
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where p is  the wall pressure in atmospheres and Cfl is  the ablatorw “
mass fra c tio n  a t the w a ll. The A. _• co e ffic ie n ts  whose values are1 jJ
given in [8 , 64-67] are applicable fo r  a free-stream gas composition of 
89 percent hydrogen and 11 percent helium by mole fra c tio n  and fo r  
ablator mass frac tions  of 0.4 to  1.0. I f  the ablator mass fra c tio n  at 
the wall is  u n ity , then these co e ffic ie n ts  are va lid  fo r  any free-stream 
gas mixture. For ablation in je c tio n , the elemental concentrations a t the 
wall are governed by convection and d iffu s io n  and are given by
where Sc is  the Schmidt number (Sc = Pr/Le) and (c^)_ is  the 
elemental mass fra c tio n  of the so lid  ablator material a t the surface.
The heat transferred to  the wall due to conduction and mass d iffu s io n  
is  referred to as the convective heat f lu x  and is  given by the expression
The rad ia tive  f lu x  emitted from the wall is  given by the re la tion
(3c./9n)w - l / e 2(mSc/y)w [ ( c i )w - (c.j)_] = 0 ( 2 . 2 2 )
e2(k9T/9n + y/Sc S h- 9c./9n) 
i= l 1 1 w
(2.23)
(2.24)
A value of surface emittance ew = 0.8 is  used in  th is  study.
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3. RADIATIVE TRANSPORT MODELS
An appropriate expression fo r  the rad ia tive  f lu x  is  needed fo r 
the so lu tion of the energy equation presented in  the previous chapter.
This requires a suitable rad ia tive  transport model and a meaningful 
spectral model fo r  va ria tion  o f the absorption co e ffic ie n t o f the gas.
In th is  Chapter appropriate expressions fo r  the spectral and to ta l 
rad ia tive  f lu x  are given, and a deta iled discussion on models fo r  the 
spectral absorption by the hydrogen-helium gas and other important 
ab lative species in  the shock layer is  presented.
3.1 Radiative Flux Equations
The equations fo r  rad ia tive  transport, in  general, are in tegra l 
equations which involve in tegra tion  over both frequency spectrum and 
physical coordinates. In many physica lly  re a l is t ic  problems, the 
complexity of the three dimensional rad ia tive  transfe r can be reduced by 
in troduction of the "tangent slab approximation". This approximation 
trea ts  the gas layer as a one dimensional slab in  ca lcu la tion  o f the 
rad ia tive  transport. Radiation in  d irec tions other than normal to  e ith e r 
the body or shock is  neglected in  comparison. Discussions on the v a lid ity  
o f th is  approximation fo r planetary entry conditions are given in  [36-39]. 
The tangent slab approximation is  employed in  th is  study. I t  should be 
pointed out here tha t th is  approximation is  used only fo r  the rad ia tive  
transport calculations and not fo r  other flow  variables.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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3.1.1 LTE Radiative Flux Equations
For the present study, the equations o f rad ia tive  transport are 
obtained fo r  a gas confined between two in f in i te ,  p a ra lle l boundaries, 
the shock wave, and the body. This is  shown in  Fig. lb . For one­
dimensional ra d ia tio n , the equations o f transfer fo r  a nonscattering 
medium in  local thermodynamic equilibrium  are given by [20,21]
In the above equation, <v and Bv represent the frequency-dependent 
lin e a r absorption c o e ffic ie n t and Planck function , respective ly.
and negative values o f y respective ly. The boundary conditions fo r  
Eqs. (3.1a) and (3.1b) can be expressed as
(3.1a)
y (d l'/d x  ) = B (t ) - 1“
v  V  V  V  V
(3.1b)
where
y = cos 0 (3.2a)
(3.2b)
k (n) dn (3.2c)
Furthermore, i t  should be noted tha t I *  and I~ correspond to positive
(3.3a)
(3.3b)
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Fig. lb  Physical model and coordinate 
system fo r  the rad ia tion  f ie ld .
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By employing the above conditions, in tegra tion  of Eqs. (3.1a) and (3.1b) 
results  in
+ + r TvI v (tv ,p ) = l v (0,y) e x p ( - T v / y )  + J  B ( t)
x e xp [-(rv - t) /y ]y ~  dt (3.4a)
I , ( t  ,y) = I ~ ( t  , y )  exp[-(x„ - x ) / y l  v v v ov ov v
/ ° v  j- J  Bv ( t)  e xp [-(t - Tv ) /y ]y  d t (3.4b)
Tv
Equations (3.4a) and (3.4b) describe the rad ia tion  f ie ld  in  terms of the 
temperature f ie ld  w ith in  the medium. The temperature f ie ld  is  expressed 
by the Planck function. The term l* (0 ,y )  exp(-xv/y ) in  Eq. (3.4a) 
represents the radiant energy tha t orig inated at the body surface which 
has been attenuated by the fac to r exp(-xv/y ) as a re su lt o f absorption. 
The in tegra l term represents the augmentation o f I *  due to gaseous 
emission. A s im ila r explanation goes fo r Eq. (3.4b), w ith respect to the 
shock surface.
Referring to  Fig. lb ,  the spectral rad ia tive  f lu x  is  expressed in 
terms o f in te n s ity  of rad iation as [21]
i
I^cos 0 dft 2H /  Iv (xv ,y)y  dy (3.5)
By noting tha t 1  ^ and I ” correspond to pos itive  and negative values 
o f y , Eq. (3.5) can be expressed as
i - i
W  = 2R /  I *  y du - 2H /  I "  y dy (3.6)
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The substitu tion  o f values fo r  I *  and I~ from Eqs. (3.4a) and (3.4b)
in to  Eq. (3.6) resu lts  in the one-dimensional expression fo r  spectral
rad ia tive  f lu x  as [21]
. i
\ f  + -TV/y 
qRv( Tv ) = 211 { J  I (O.y)e + j  Bv ( t )  E2 ( t v -  t ) d t
■[/.
• (Tov • \ ) / v
y du
o v  ov
+ f  °V Bv ( t)  E2( t  - xv ) d t ]  ]  (3.7)
rv ^
where En( t ) is  the exponential in tegra l function defined by 
r l  n-2 - t / y
E ( t )  = /  y e dy (3.8)
n * o
The expression fo r  the net rad ia tive  f lu x  at any location is  given by
qR(n) = f  qRv( \ )  dv (3.9)
Often, i t  is  desirable to obtain separate re la tions  fo r  to ta l 
rad ia tive  f lu x  going towards the body and the bow shock. Upon denoting 
the rad ia tive  f lu x  towards the shock by q^ and towards the body by q~, 
Eq. (3.9) can be w ritten  as
00 00 
V") ■ qR(n) - q'(n) = /  q^(g dv - /  q^(g ck> (3.10)
where
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For d iffuse  surfaces, l* (0 ,y )  and I~ (t0 »y) are independent of 
d irec tion  ( i . e . ,  independent o f y) and may be expressed in terms o f 
surface ra d io s itie s  B , and B , asIV 2V
M > , y )  = B . nl~(-r0v,u) = B
Hence, Eqs. (3.11a) and (3.11b) are expressed as
/*°° r T
%<"> = 2 J o tBlV E} (tv ) + H j f  Bv ( t )  E2(tv - t )  d t ]  dv
(3.12)
/ oo x
[B2v E3(tov '  Tv> + ”/  V Bv ( t)  E2( t  • Tv> dv
T V  (3.13)
The expressions fo r  surface ra d io s itie s  appearing in th is  equation are 
given by [21]
/*T ov
B>v “ E,v W W ] + 2 Esh ov> + J0 " Bv ( t )  Ea (t) d t3
“  (3.14a)
B 2v  = e2v Cn Bv (Ts>] + 2 Pav t B>v E <Tov> + J n Bv ( t )3 0
' E2 (t ov -  V d t]  (3.14b)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
23
where p , and p „  represent the surface reflectance o f the body andlV 2v
the shock respective ly . For nonreflecting surfaces, p „  = p = 0,lV 2 v
and Eqs. (3.14a) and (3.14b) reduce to
(3-15>
Sometimes, i t  is  convenient to express the rad ia tive  f lu x  equations 
in  terms o f gas em iss iv itie s , defined by
c+ = 1 - 2E3(tv - t ) ,  e“ = 1 - 2E3( t  - tv ) (3.16)
By noting th a t
dev = - 2E2(tv - d t ' dEv = 2Ea( t  ‘  Tv> d t
e * ( t  = 0) = 1 - 2E ( t  , )  =  =  e+ _ +1 ‘■l' 3XLv / °b ew
e;< t  = Tv ) = l  2E (0) = 1 - Z l - L )  = 0 = e- ( t  = Tv )fr)
e ( t  = t  ) = 1 - 2E ( t  -  t  ) = e. = e~ 
V v OV 3 ov v ' b s
Eqs. (3.13a) and (3.13b) can be w ritten  as
+/ CO £
[2B !V E3<TV> + J /  ”  BV (ev> K  ]  dV ( 3 J 7 a )
z*00
q‘ (n) = J  [2B E (x -x ) + n f  5 B (e~) de‘ ]  dv (3.17b) 
' * 0 0
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I f  the rad ia tive  f lu x  in to  the slab a t the boundaries is  neglected, then 
the f i r s t  term on the r ig h t o f Eqs. (3.17a) and (3.17b) vanishes and the 
net rad ia tive  f lu x  is  given by
Depending upon the p a rticu la r assumptions made in a physical problem, use 
is  made o f e ith e r Eqs. (3.13a) and (3.13b), (3.17a) and (3.17b), or 
Eq. (3.18) in  obtaining the net rad ia tive  heat f lu x .
For mathematical convenience, exponential in teg ra ls  often are 
approximated by appropriate exponential functions. There are a few 
standard procedures fo r  doing th is ,  and these are discussed in  [20,21].
I t  has been demonstrated (see Ref. 21, fo r  example) tha t when the 
exponential in teg ra l o f th ird  order is  approximated by
the rad ia tive  transport solutions are exact in the o p tic a lly  th in  l im it ,  
and of sa tis fac to ry  accuracy in  the o p tic a lly  th ick  l im i t .  By using 
Eq. (3.19), approximate expressions fo r  the gas em iss iv ities  are obtained 
from Eq. (3.16) as
Since En(z) = -En_^(z), one could obtain the re la tio n  fo r  the exponential 
in teg ra l o f second order by d if fe re n tia t in g  Eq. (3.19) as
(3.18)
2E (z) = exp(-2z) (3.19)
e = 1 - exp[2(t - t^ ] (3.20a)
ev = 1 - exp[2(xv - t ) ] (3.20b)
E (z) = exp(-2z)
2 (3.21)
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Use o f Eqs. (3.19) and (3.21) could be made d ire c tly  in  Eqs. (3 .10), 
(3.11a) and (3.11b) to  obtain appropriate re la tions fo r  the rad ia tive  
heat f lu x .
In th is  study, use of the exponential kernel approximation, as 
given by Eqs. (3.19) and (3.21), is  made fo r  the rad ia tive  transport in  
the shock layer. Furthermore, the bow shock is  considered transparent, 
and the free stream is  considered cold and transparent. For the 
evaluation of the equilibrium  spectral rad ia tive  f lu x ,  use of Eqs. (3.13a) 
and (3.13b) are made in the present analysis.
3.1.2 NLTE Radiative Flux Equations
In the previous section, the trans fe r equation and the resu lting  
rad ia tive  f lu x  equations were obtained under the condition of local 
thermodynamic equilibrium . For th is  s itua tion  d is tr ib u tio n  of the 
molecules in  the various energy levels are c o llis io n  dominated and the 
emission process depends on the local equ ilib rium  temperature alone.
The treatment outlined in obtaining these equations are o f macroscopic 
nature. The non-local thermodynamic equilibrium  s itu a tio n , on the other 
hand, involves a study o f the ind iv idua l molecules o f the rad iating 
system since these pa rtic les  do not obey the equ ilib rium  Boltzmann d is t r i ­
bution. The derivation o f the NLTE transfe r equation employs a quantum 
mechanics treatment. The equation o f rad ia tive  tra ns fe r, in  general, may
be expressed in  terms of Einstein coe ffic ien ts  A . B and B asnm nm, mn
[20,40].
dly/dn  -  P ^ O  -  V V  <Bnn/B,nn»
x Anm £Bmn {  W  <Bmn/B„m> ‘  M
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where Nn represents the number density o f the nth le ve l, Bmn is  the 
Einstein c o e ffic ie n t fo r  absorption, Bnm is  the Einstein co e ffic ie n t 
fo r  stimulated emission, and Anm is  the Einstein co e ffic ie n t fo r 
spontaneous emission. The above equation can be w ritte n  in  a s im p lified  
form as
where J is  the NLTE source function and k  is  the reduced absorptionv  v  r
c o e ffic ie n t which includes the e ffe c t o f induced emission (negative 
absorption) in  the medium and is  defined as
In th is  equation k ■ is  the equilibrium  absorption c o e ffic ie n t. The 
NLTE source function is  given in  terms o f the population ra t io  as
By making use of the re la tions  between the Einstein co e ffic ie n ts , the 
source function can be expressed as [14,20,40,41]
In th is  equation h represents the Planck constant and gm and gn 
are corresponding s ta t is t ic a l weight factors fo r  the lower and upper
d yd n  = pkv (Jv - Iv) (3.23)
(3.24)
Jv * A™ / { B»  [ < V Nn> C W W  - ’ 3 } (3.25)
3 2
Jv = (2hv /c  ) /[(N m/Nn) (gn/gm) - 1] (3.26)
where
3 2
A = (2hv /c  ) B„m nm ' ' nm (3.27a)
n^m ~ ^m ^n^ ®mn (3.27b)
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energy leve ls (d iffe re n t fo r  d iffe re n t species), which are assumed to be 
u n ity  in the present analysis.
From Eqs. (3.24) and (3.26), i t  is  evident th a t the state population 
ra t io ,  Nm/Nn , has to  be known in  order to evaluate the nonequilibrium 
absorption c o e ffic ie n t and NLTE source function . This is  achieved by the 
method o f detailed balancing o f various tra n s itio n  processes. The three 
processes involved in  the steady-state deta iled balancing are the induced 
absorption, induced emission, and spontaneous (stimulated) emission. In 
the induced absorption process a quantum o f rad ia tion  of appropriate 
energy and frequency is  absorbed, and th is  resu lts  in  exc iting  an atom 
(or molecule). In the induced emission, a quantum of rad ia tion  in te racts  
with an excited p a rtic le  to give emission o f another quantum o f the same 
energy, and thereby the p a rtic le  reverts to  the lower energy sta te . In 
the spontaneous emission case, an excited p a rtic le  spontaneously emits a 
quantum o f rad ia tion  o f the appropriate frequency and reverts to a lower 
energy state. These processes may be expressed as
M + hv — ( 3. 28a)
M* + hv— ► M  + 2hv (3.28b)
M* — ► M  + hv (3.28c)
where M* denotes the excited state of the species M. The s ta t is t ic a l 
steady-state equation fo r  a p a rticu la r e lec tron ic  state is  given by
dN /d t  = 0i
This implies tha t the sums o f the rad ia tive  and c o l l i  sional rates in to  
and out o f the state 1 must be equal. Be employing th is  c r ite r io n ,  the
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state population ra tio  fo r  any two le ve ls , in  a m u ltileve l system 
consisting o f k leve ls , is  expressed as [10]
V Nn “  ( ^ n k L n ^ V V , . )  l 3-29>
where is  the sum o f the ra d ia tive  term and the c o llis io n  term
Cn|<. The quantity  n is  the p ro b a b ility  fo r  a ll tra n s itio n s  from 
level k to m not involving n such tha t fo r  k = m, n = 1.
Upon combining Eqs. (3.26) and (3.29), the source function fo r  the 
tra n s it io n  between levels n and m (containing k intermediate leve ls) 
is  given by [42]
I (j) dv + e + 6  v ^v
AV
J = --------------------------------  (3.30)
1 +e + n -56
where
6 * 1/Bran J Pm* V »  <3' 31a)
n* = 1/A» J Pn* Vn (3'31b)
£^n,m
= CnnABmn Bv ™  <3' 31c)
6 = c2/2hv3, I *  = I v /Bv (T), 9* = 0/Bv (T) (3.32)
Equations (3.29) and (3.30) s im p lifie s  considerably i f  the level o f 
tra n s itio n s  involved are less. For example, in a three-level tra n s itio n  
the re la tio n  fo r  the population ra tio  N0/N-| is  obtained from Eq. (3.29)
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In th is  equation, Qj represents the to ta l p ro b a t il ity  fo r  tran s itio n s  
from level 2 ( i . e . ,  from the th ird  le ve l) and is  given by
QT = A + B 7 . . + C + C (3.34)1 2 1 2 1  AV 2 1 2 0
I t  can be shown e a s ily  th a t, under equ ilib rium  conditions, Eqs. (3.33) 
reduces to the Boltzmann d is tr ib u tio n  as
N /N = exp(AE/kT) (3.35)0 1
where aE = E - Eq is  the d ifference o f energy (in  eV) between levels 
1 and 0.
Upon combining Eqs. (3.26) and (3.33), a s im p lified  expression fo r 
the source function is  obtained as [43]
Jv = {  (2hv /c  )/[exp(hv/kT) - l ] j
x [1 + n I Av/BAv + 6 ^ /(1  + n + s z ) (3.36)
where
= <3-37>
6 = C (A +C  + B 7 . )/(B  Q,) (3.38a)
1 0 2 2 1  2 1  2 1  AV O i l
6 = [C (B I + c ) - C (A + C +B I aJ ] / ( A  Qt ) (3.38b)
2 2 0  1 2 A V  12  0 2 2 1  2 1 2 l A V  10 I
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In the preceding equations, n = Ai( j/C represents the ra tio  of the
c o llis io n a l deactivation (or re laxation) time and rad ia tive  life tim e  of
the f i r s t  excited s ta te , and quantities 6 and 6 are the influence1 2
factors on the NLTE source function a ris ing  from the higher level energy 
tra n s itio n s .
For a two-level tra n s it io n , the expression fo r  the source function , 
as given by Eq. (3.36), fu rthe r s im p lifie s  as [12,44]
Jv = Bv ‘  Tl[ X v (dqR/dy)dv]/4T I X  dv ( 3 ‘ 39)
I t  is  evident from the above equation as well as Eq. (3.36) tha t the
degree o f NLTE depends upon the magnitude o f the quantities n» <5 and
6 . Since values of 6 and 6 are always lower than n fo r  a ll 2 1 2
pa rtic les  involving m u ltileve l energy tra n s itio n s , the extent o f 
nonequilbirium is  characterized essen tia lly  by the parameter n. This 
implies tha t the major contribution to the source function comes from 
the tra ns itio ns  (c o llis io n a l as well as rad ia tive ) involving the ground 
state and the f i r s t  excited state. Consequently, fo r  n «  1» the source 
function becomes the Planck function , and the assumption of LTE is  
ju s t i f ie d .  In th is  case, the c o llis io n a l process is  s u ff ic ie n t ly  fa s t to 
deexcite the p a rtic les  to  the lower state before deexcitation takes 
place by the emission o f rad ia tion . On the other hand, the condition of 
rad ia tive  equilibrium  is  reached fo r n »  1, and in  th is  case the en tire  
process o f exc ita tion  and deexcitation is  ra d ia tive ly  contro lled. The 
NLTE rad ia tion  becomes important fo r conditions where n = 0(1). By 
theore tica l considerations, Je ffe ries  [10] has established tha t the value 
o f 6 /n is  approximately 0.1 fo r most gases involving m ultileve l1 j2
energy tra n s itio n s . Use o f Eq. (3.36) is  made in  evaluating the
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nonequilibrium source function when no ablation mass in jec tion  is  con­
sidered in the study. With ablation in je c tio n  in the shock-layer,
Eq. (3.39) is  used fo r  the evaluation of Jv to s im p lify  the analysis.
To fin d  the expression fo r the NLTE spectral rad ia tive  f lu x ,  the 
procedure outlined in  the previous section, under the LTE conditions 
(Eqs. 3.5 -  3 .18), are applicable in general. However, in  th is  case the 
NLTE transfe r equation, given by Eq. (3 .23), is  integrated between the 
two pa ra lle l boundaries (the body and the shock). The formal solution of 
Eq. (3.23) is  given by [21]
where r  is  the nonequilibrium optica l thickness and is  given in  terms 
o f the nonequilibrium absorption co e ffic ie n t as
Following Eq. (3.10), the to ta l rad ia tive  f lu x  may be divided in to  two
(3.41)
components as q* going towards the shock and q” going towards the
body. Thus Eq. (3.40) is  rew ritten  as
qR(n) = 2 fQ £B1VW + 1 f Jv (t)E 2(xv " d t ]  dv (3.42a)
J,.(t)E ( t  - t  ) d t ]  dv
V 2 V
(3.42b)v
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Since NLTE parameter n is  the property of the absorbing/em itting 
species, the NLTE source function appears only in  the terms which are 
attenuated by absorption o f rad ia tion  by the gaseous species. Use of 
Eqs. (3.40) and (3.42) are made fo r  evaluating the NLTE rad ia tive  f lu x .
3.2 Spectral Model fo r  Gaseous Absorption
Appropriate spectral models fo r  gaseous absorption are needed fo r  the 
solution of the rad ia tive  f lu x  Eqs. (3.13) and (3.40) derived under 
equilibrium  and nonequilibrium conditions respective ly. The absorption 
model considered in  th is  study is  fo r  a nongray gas w ith molecular band, 
continuum and atomic lin e  tra n s itio n s . In general, the spectral absorp­
tion  co e ffic ie n t fo r  continuum and lin e  tra n s itio n s  may be expressed as
k = E kC(v) + E k \ { v ) (3.43)V I  J
The summations in the above equation extend over a l l  continuum and lin e  
trans itions  respective ly. In the present analysis, only the tra ns ition s  
o f the species H^, H and H+ are considered fo r  the no ablation case. 
For the case w ith carbon-phenolic ablation in je c tio n , the additional chemi­
cal species considered fo r  the rad ia tive  transport are C2 , Cg, C, C+,
Cj CO 0, Ogs e", and 0+.
The absorption coe ffic ien ts  fo r  lin e  tra n s itio n s  depend on the plasma 
conditions both through the population o f the absorption leve ls and the 
shape of the spectral lin e s . For heavy atomic species at high tempera­
tures, the dominant mechanism fo r  the lin e  broadening is  the Stark 
broadening by electron impacts. Following Armstrong e t a l.  [4 5 ], the 
lines can be treated as having the Lorentz shape, fo r  which the shape,
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fac to r is  given by
bk(v) = (yk/n ) / [ ( v  -  V  + (y^)2]  (3.44)
where vk is  the frequency o f the kth lin e  center and is  the Stark 
ha lf-w id th  o f the lin e . In ca lcu la tion o f the absorption coe ffic ie n ts  
due to atomic lin e  tra n s itio n s , a lin e  grouping technique is  used. In 
th is  technique, lin e  tran s itio n s  near a specified frequency value are 
grouped together, and the spectral absorption is  given as tha t from the 
lin e  group. However, each lin e  w ith in  the group is  treated in d iv id u a lly .
The continuum contribution depends mainly on the plasma state through 
the population o f absorbing leve ls . The spectral abosrption co e ffic ie n t 
due to continuum tran s itio ns  is  given by
4 ( v )  = I  a9 j(v) (3.45)
r
where is  the number density o f the absorbing leve l and is  i t s
cross section. The number density o f the p a rticu la r p a rtic le  is  obtained 
from thermodynamic state ca lcu la tions.
By employing the detailed information on lin e  and continuum absorp­
t io n , N ico le t developed a f a i r ly  sophisticated rad ia tive  transport model 
fo r  applications to  planetary entry environment [17,46,47]. For the 
ca lcu la tion  o f the equilibrium  rad ia tive  transport properties in  the 
ablation contaminated boundary layers, use o f the method given in [46] 
is  made. An approximate model fo r  the frequency dependent absorption 
c o e ffic ie n t is  also developed by Sutton e t a l . [ IS ] . In th is  model, the 
frequency dependence o f the absorption co e ffic ie n t is  represented by a 
step-function w ith 58 steps of fixed  (but not necessarily equal) widths. 
In th is  model, the absorption o f helium species is  neglected. In step- 
function models, the to ta l absorption c o e ffic ie n t o f the j th  step is  a
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
34
summation o f the average absorption co e ffic ie n t fo r  the ith  tra n s itio n  
in  the j t h  step, given by
Kj((0) = Z K^j (w) (3.46a)
v-+Av- J J1 C J JK..(w) = ----- I K.(w) dv
IJ  A m . J ' (3.46b)v •J v.
= f ( T sN.,v) (3.46c)
Once again k is  the equ ilib rium  absorption c o e ffic ie n t, v the 
frequency in  eV, T is  the temperature in  degrees Kelvin, and are
- 3
the number density in  cm . In th is  model, the absorption coe ffic ie n ts  
fo r the free -free  and bound-free tra n s itio n s  o f atomic hydrogen are 
expressed by
Kff  = (2.61 x 10"35Ne N +) /(T 1/2 v 3)
H
(3.47)
'b f -FHH J. (j)- If 
-Hi))
H 57780 \
)
(3.48)
fo r  1 < nj, < 4
and
'b f = [6.31 x 10
- 2 0 ^  N|^  exp(A) [exp(B) - 1] (3.49)
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fo r 4 < < N£max
where
A =
B =
m  [ ' ■ ( = ) ]
The reduction in  the ion ization potentia l 6 is  calculated by
6 = (1.79 x 10“ 5 Ng/? )/T 1/7 (3.50)
For bound-bound tra n s itio n  of hydrogen molecules and atoms
H - c h bb k
where the lin e  strength S is  given by 
S = (1.10 x 10 f  n^ N^) exp
Kuh = S b j v ) (3.51)
m  ( -  -  ( t ) )
5,
(3.52)
The line-shape fac to r b (v) is  given by Eq. (3.44). Using theK
expressions given above, the absorption due to continuum and lin e  tra n s i­
tions over each step is  calculated in d iv id u a lly . The to ta l absorption 
over each ind iv idua l step is  a strong function o f temperature, and th is  
model is  va lid  fo r  a wide range o f temperatures. Further information on 
the 58-step model is  available in  [18 ]. Use o f th is  model is  made in 
evaluating the equilibrium  absorption co e ffic ie n t fo r  the no ablation 
in je c tio n  case.
At high temperatures, the frequency dependence o f the absorption 
co e ffic ie n t is  more orderly because o f the re la tiv e  importance of
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
36
continuum tra n s itio n s  over lin e  tra n s itio n s . Under such conditions, i t  
i t  possible to represent the spectral absorption o f the gas by a 
re la t iv e ly  fewer number of steps. A spectral model consisting of 30 
steps is  introduced in  th is  study to  represent the absorption by the 
hydrogen species in the spectral range o f 0 to 20 eV. The absorption 
by the helium species is  also neglected in  th is  study. The procedure 
fo r  developing th is  model is  to  calculate the spectral absorption 
co e ffic ie n t f i r s t  by employing N ico le t's  detailed model. The 30-step 
model is  il lu s tra te d  in Fig. 2. Further d e ta ils  on th is  30-step model 
are given in  09]. Few resu lts  obtained using the various models are 
presented under resu lts  and discussions fo r  comparative purposes.
The methods outlined thus fa r  to evaluate the equilibrium  absorption 
co e ffic ien ts  are applicable fo r the hydrogen atoms and molecules. This 
is  qu ite  s u ff ic ie n t i f  no ablation mass in je c tio n  is  considered in  the 
analysis. However, w ith ablation products in  the shock layer, appropriate 
re la tions  are needed to evaluate the continuum and lin e  contributions to 
the absorption co e ffic ie n t by these species. Information fo r obtaining 
the absorption cross section fo r the e lectron ic  band systems belonging 
to diatomic molecules are available in  [48,49]. According to th is  
reference, the equ ilib rium  absorption c o e ffic ie n t fo r  a tra n s itio n  from 
level 0 to level 1 (higher le ve l) is  given by
kv (0,1) = <xv (0 , l)  nQ (3.53)
where nQ is  the number density o f the absorbing species in  level 0 and 
av (0 ,1) is  the absorption cross section. This equilibrium  absorption 
co e ffic ie n t has to be corrected fo r  the NLTE tra n s it io n . The NLTE 
absorption c o e ffic ie n t is  given by [44]
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K
V
*
(NLTE) = k  [ 1 - j  ( I  B + A + C ) / (C + B  ) } ]  ( 3 . 5 4 )V I a) io 10 10 oi oi /
where is  the frequency dependent equ ilib rium  absorption c o e ffic ie n t. 
By noting tha t
Use o f th is  equation is  made in  evaluation the nonequilibrium absorption 
co e ffic ie n ts .
I t  is  seen from Eqs. (3 .36), (3.39) and (3.56) tha t fo r the 
evaluation o f the nonequilibrium absorption coe ffic ie n ts  and source 
function (and hence the nonequilibrium spectral rad ia tive  heat f lu x ) ,  
one must have information on the c o l l i  sional re laxation time and the 
rad ia tive  life t im e  o f the excited states. The procedure fo r  obtaining 
these is  discussed in  the next chapter.
3 2
A = (2hv /c  ) B (3.55a)1 o 1 0
b . = (g / g  ) b (3.55b)
10 1 0 1
C = (B /B ) C exp(hv/kT) 10 10 01 01 (3.55c)
TL = 1/C , n = 1/Ac i o r (3.55d)1 o
Eq. (3.54) becomes
qR„  dv)/(n /6
+ exp(-hv/kT)) J- ] (3.56)
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4. RADIATIVE LIFETIMES AND COLLISIONAL PROCESSES FOR 
THE SHOCK-LAYER GASES
For a gaseous medium in  local thermodynamic equ ilib rium , information 
on the co llis io n s  between the various pa rtic le s  and th e ir  rad ia tive  
life tim e s  in the excited states are of l i t t l e  importance. To analyze 
the nonequilibrium phenomena, however, a quan tita tive  study o f co llis io n s  
between various p a rtic le s  is  necessary. This study need be extended 
only to those species whose c o l l i  sional tra n s itio n  rates (under a given 
set o f physical conditions) are comparable to  th e ir  rad ia tive  tra n s itio n  
rates. Nonequilibrium phenomena is  important only under these conditions.
For Jovian entry conditions and fo r  the case w ith no ablation from 
the probe surface, the NLTE e ffects  are considered only fo r  the hydrogen 
species in the shock layer. However, fo r  the case o f carbon-phenolic 
ablation in je c tio n , the C2 molecules play a very important ro le  in  
the rad ia tion  blockage. For th is  case, therefore, contribu tions o f the 
C2 molecules are also included in  the NLTE analysis. A discussion o f 
the rad ia tive  life tim e s  and c o l l i  sional re laxation times o f various 
species considered fo r  the NLTE analysis (in  the shock-layer gas) is  
presented in  th is  chapter.
4.1 Radiative L ifetim e o f Excited States
The rad ia tive  life t im e , nr > o f an excited state is  the inverse of 
the Einstein c o e ffic ie n t fo r  spontaneous emission, A10, and th is  is  
given by [50,51] as
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2 3
n = 1/A = (c /8irhv )/B0i
'  1 0
(4.1)
where B is  the Einstein co e ffic ie n t fo r  absorption. By using the
For the present study i t  is  more appropriate to use the rad ia tive  
life tim e  in  a d iffe re n t form. For a fu l ly  allowed e lectron ic tra n s itio n  
in  the v is ib le  or n e a r-u ltra v io le t region o f the spectrum, the rad ia tive  
life tim e  is  expressed in terms of the h a lf width o f the spectral lin e , 
b, as [52]
Upon inserting  the numerical value fo r  the Planck constant h (and
For a Stark-broadened hydrogen lin e  o f Lorentz shape, the value of the
rad ia tive  life tim e  is  found to be 0.52 x 10 sec [7 ,52 ]. This value is  
used in the present study. I t  should be noted that the rad ia tive  life tim e  
is  a function o f frequency and, therefore, varies according to the 
various levels o f energy tra n s itio n s . Considering a ll rad ia tive  tra n s i­
tions p ro b a b ilit ie s  between d iffe re n t energy leve ls , i t  is  found that 
the above-mentioned value of ri corresponds to  the shortest time 
between the ground level (with princ ipa l quantum number 1) and the f i r s t  
excited level (w ith the princ ipa l quantum number 2). Since the maximum 
nonequilibrium e ffe c t would correspond to th is  value o f nr » i t s  use is
0 1
s ta t is t ic a l re la tio n  fo r  B , Eq. (4.1) is  w ritten  aco 1
(4.2)
nr  = h/(2?rb) (4.3)
- l
coverting from ergs to cm ) , the value o f nr  is  found to be
- 1 2
nr = (5.3 x 10 )/b (4.4)
- 7
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ju s t if ie d  in the present study.
There are e ight known C2-band systems in  the 0.1 - 7.0 eV 
(0.2 - 1.2 ym) spectral region. The Swan band system, whose e lectron ic
3 3
tra n s itio n  is  represented by d 7Tg - a iru (fo llow ing the notation of 
Ref. 52), is  the strongest rad ia ting  system o f the C2 molecules. 
Freymark band (E'E* - A'71^ )  and the Mulliken band (D 'l*  - x ' Sg) are the 
next important and rad ia ting  systems of the C2 molecules. Hence, the 
rad ia tive  life tim e  of these band systems has to  be determined f i r s t  in 
order to  evaluate th e ir  respective NLTE cross sections. For a molecule 
with an e lectron ic  tra n s it io n , the rad ia tive  life t im e  is  related to the 
wavelength dependent e lectron ic F-number, the e lectron ic  tra n s itio n  
moment, and the Einstein co e ffic ie n t fo r  spontaneous emission An■ n«t- 
The measured value fo r  the e lectron ic  tra n s itio n  moment is  available fo r
the C2 band systems [53 ]. The e lectron ic F-number is  given in  terms
2
of the square o f the tra n s itio n  moment |Re/ea0 | as
Fg-| (A) = ( 8tt mec/3he X) Z|Re/eaQ| /A (4.5)
where
A ~ (2 - a0sA„) (2S" + 1)
In the above discussions and re la tio n s , the superscript ( ' )  denotes the
upper state and ( " )  the lower state and S" represents the spin 
quantum number o f the lower state. The quantity 0^  = 1 fo r  A = 0 
and Oq a = 0 fo r  (A f  0) and A is  the resu ltan t angular momentum 
of e lectrons. The e lectron ic  F -number is  re lated to the band 
o s c illa to r  strength by
FW  = Fel V v "  (4.6)
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where qy i vM is  the Franck-Condon fac to r. Now, the rad ia tive  life tim e  
o f the v ' state can be expressed as
i 15
(nr ) = \ . v ,, = Fv V , 6 . 6 7 x 1 0  (g„/ g l )  ( 4 7 )
X2
Here, g' and g" are the degeneracies o f the upper and lower levels 
respective ly and g "/g ' = 1. The value o f Fy tv ie measured fo r  the
_ 3
C2"Swan (0,0) band is  6.5 x 10 [54 ]. Upon substitu ting  th is  value
of Fv ' v" and using Eq. (4 .7 ), the rad ia tive  life t im e  o f the Cg-Swan
-7
3ng (v 1 = 0 )  state is  found to be 8.0 x 10 seconds. No measured value 
o f the band o s c illa to r  strength Fv , v„ is  availab le fo r  the Freymark 
and Mulliken band system. However the values o f the e lectron ic tra n s itio n  
moment are availab le fo r  these bands and since Fv ,v„ is  d ire c tly
proportional to  the e lectron ic  tra n s it io n  moment, the rad ia tive  life t im e
+ “ 6 
o f the E'E state o f the Freymark (0,1) band is  1.5 x 10 seconds and7^
the D'Eu o f the Mulliken (0,0) band is  6.95 x 10 seconds. These 
values are used in  the present analysis.
4.2 C o lli sional Relaxation Time
The c o l l i  sional re laxation time is  a strong function of temperature 
and pressure. At very high temperatures (associated w ith the ion iza tion  
mechanism o f hydrogen atoms), i t  is  reasonable to  assume tha t most o f the 
NLTE transfe r o f rad iation  takes place before the ion iza tion  o f the 
hydrogen atom. Hence, fo r  the cara with no ablation from the probe 
surface, i t  is  qu ite  s u ff ic ie n t to  consider only the c o llis io n a l process 
between Hg, and H and H+. C o llis ions between two atoms or molecules
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may be o f the f i r s t  or second kind. In c o llis io n s  o f the f i r s t  kind, 
the k in e tic  energy (KE) o f tran s la tio n  goes in to  exc ita tion  energy 
according to  the process
A + B + KE + A + B* (4.8)
where A and B are two d iffe re n t (or same) species in  the ground state 
*
and B is  the species B in  an excited sta te . C o llis ions o f the 
second kind are more important fo r the NLTE analysis a t high temperatures. 
This process is  described by
A + B * + A + B + K E  (4.9)
Here, an atom or molecule gives up exc ita tion  energy by c o llid in g  w ith 
another partner. The time taken by a p a rtic le  to reach the ground state
from an excited state is  the c o llis io n a l re laxation time [55 ].
The c o l l i  sional re laxation  time fo r  c o llis io n s  between neutral 
p a rtic le s  (such as atoms and molecules) is  given, in  general, by the 
re la tio n
nc = l / f c = (nftv) (4.10)
where f  is  the frequency o f c o llis io n s  (sec-1) , n is  the number
- 3
density o f the c o llid in g  p a rtic les  (cm ) , n is  the c o llis io n a l cross
2
section o f the c o llid in g  p a rtic les  (cm ), and v is  the most probable 
ve lo c ity  o f the p a rtic le s  (cm-sec ). By making use o f the gas k in e tic  
re la tio n s , the re laxation  time (in  sec) is  expressed in  terms o f 
temperature as
nc = 4/2" n (Ttm/8RT)1/2 (1/n) (4.11)
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where m is  the mass o f the c o llid in g  p a rtic le s . Information on the 
c o llis io n a l cross section fo r  d if fe re n t c o llid in g  p a rtic les  is  available 
in [9 ,56 ].
For an extensive study o f the NLTE process, a deta iled study of the 
various c o llis io n a l processes between the pa rtic les  (present in  the 
rad ia tion  f ie ld )  is  necessary. A ll c o llis io n s  which are e ffe c tive  in 
deactivating the excited p a rtic les  must be considered in the analysis. 
Relaxation time fo r  the case o f c o llis io n s  between neutral p a rtic le s  of 
the same kind ( i . e . ,  fo r  H2-H2, C2“ ^2* H-H c o llis io n s ) can be calcu­
lated using Eq. (4.11) w ith the appropriate values fo r  c o llis io n a l cross 
section and mass. On the other hand, the co llis io n s  between unlike 
p a rtic les  w ith d iffe re n t masses and cross sections may be equally 
e ffe c tive  in removing the e lectron ic  e xc ita tion  energy from these 
p a rtic le s . In such cases, the e ffe c tive  c o llis io n a l frequency is  calcu­
lated by the method explained below. The c o llis io n s  between H and H2 
is  taken as an i l lu s t r a t iv e  example; the procedure is  the same fo r  other 
combinations o f molecules and atoms. The number of deactivating 
c o l l i  sons made per second between H and H2 is  g iving by
1/2
Z(H - H2) = 2nH [2kT(ni|_| + mH)/IImH mH] (4.12)
where n^ is  the number density o f H2, , and m^  are the masses
o f a hydrogen molecule and atom respective ly . The quantity  is  the 
e ffe c tive  c o llis io n a l cross section and is  given by the expression
1 / 2
= [(« h2 + V /4  ^ + K°H2 V  /21^  (4-13)
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and are the cross sections of H9 and H respective ly.where ft.
Hence, the re laxation time (in  sec) fo r  H2~H c o llis io n s  is  the 
reciprocal o f the c o llis io n a l frequency Z (H2~H).
The combined re laxation time fo r  s e lf-c o llis io n s  and co llis io n s  of 
d iffe re n t kind is  given by [57].
where X represents the mole fra c tio n  o f hydrogen atoms. In the present 
study, co llis io n s  between H-H and H2-H are considered in  evaluating 
the combined re laxation time with no ablation in je c tio n  in  the shock-layer. 
C o llis ions between H2~H2 are neglected because the number density of 
H2 is  small compared to the number density o f atomic hydrogen. Various 
co llis io n a l re laxation times obtained fo r  d if fe re n t co llis io n a l processes 
are shown in Fig. 3 as a function o f temperature. With the ablation 
in je c tio n , the important species influencing the c o llis io n a l deactivation 
process o f the C2 molecules are H2, H, H+, C^, C, and e~. The
relaxation times obtained by using Eqs. (4.11) - (4.13) fo r  the C2-C2
c o llis io n s  and the combined co llis io n s  are shown in  Fig. 4 as a function 
o f temperature. The rad ia tive  life tim e s  of the Swan (0 ,0 ), Freymark 
(0,1) and Mulliken (0,0) bands are also shown in  th is  fig u re .
The rate of e lectron ic  deexcitation from an upper state to a lower 
state (by electron impact in  a molecule) is  given by
where m and n are the princ ipa l quantum numbers o f the lower and 
upper states, respective ly, and A is  the exc ita tion  rate constant
l / n c (C0M) = X/[nc (H-H)] + ( l-X ) / [n c (H2-H)] (4.14)
C A(T/10,000)r gk (4.15)nm
m 5 n 5 (1/m 2 - 1/n2)
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n  , sec  a tm  
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6 8 10 12 14 16
-3TEMPERATURE x  10 , K
Fig. 3 C o llis iona l re laxation time fo r  atomic and 
molecular hydrogen species.
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Fig. 4 Varia tion o f c o llis io n a l re laxation  
time w ith temperature.
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(d iffe re n t fo r  d if fe re n t molecules). Due to the absence of e” close to 
the w a ll, where the NLTE e ffe c t is  more pronounced, deexcitation by 
e lectron ic  c o llis io n s  are not considered. Here, only the c o llis io n a l 
deactivation o f Cg by the heavy p a rtic les  are considered.
The c o llis io n a l re laxation  time fo r  a hydrogen ion is  given by the 
re la tion  [58 ].
nc (H+) = [m1-1/2 (3kT) 3/2]/(17 .94  n . e * l  InA) (4.16)
where m. represents mass o f the ions, n. is  the number density of 
ions, and A is  a parameter which is  expressed as a function of 
temperature by
3 3 1 / 2
A = (k T /Trn.) (4.17)
For hydrogen ions, Eq. (4.16) may be s im p lified  fu rth e r as
nc (H+) = (22.8 T3/2)/n . InA) (4.18)
where T is  the heavy p a rtic le  temperature in  K. The c o llis io n a l 
re laxation times fo r  the hydrogen ions are shown in  Fig. 5 fo r  d iffe re n t 
number densities and temperature values.
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5. THERMODYNAMIC AND TRANSPORT PROPERTIES
Thermodynamic properties fo r  spec ific  heat, enthalpy, and free 
energy, and transport properties fo r  v iscos ity  and thermal conductiv ity 
are required fo r  each species considered in  the shock-layer. The general 
expression fo r  to ta l enthalpy, spec ific  enthalpy, and spec ific  heat at 
constant pressure are given respectively by
In the present study values fo r the thermodynamic and transport 
properties are obtained by using polynomial curve f i t s .  The expressions 
fo r  h. and C . are given by [59,60].I I
where R is  the universal gas constant and T is  the equilibrium  f lu id  
temperature in  the shock layer. For d iffe re n t species i ,  under present
investiga tion , the polynomial coe ffic ien ts  A, B, -------  G are given in
Table 2 and 3. Use of Eqs. (5.1) - (5.3) are made to calculate the 
enthalpy varia tion  in  the shock layer.
Ht = h + (u2 + vZ)/2 (5.1)
(5.2)
(5.3)
2 3 5
h. = RT [A + (B/2)T + (C/3)T + (D/4)T + (E/5)T + (F/6)T
+ (G/7)T6] (5.4)
C . = R[A + BT + CT2 + DT3 + ET* + V r 5 + GT6]
r '
(5.5)
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For the shock-layer gas, the mixture v isco s ity  and thermal 
conductiv ity  are obtained by using the semi-empirical formulas o f 
Wilke[61] as;
N N
y — E £x^y^/( E (5.6)
i= i j=n
N N
K= E [x i Ki / (  S (5.7)
i= l j= l
where
= D  + ( ^ / V j ) l / 2  + (Mi /Mj ) ] f /2  (5 .8 )
and M. is  the molecular weight o f species i .  For hydrogen/helium 
species, spec ific  re la tions  fo r  v isco s ity  and thermal conductiv ity  are 
given in  [62 ]. The v isco s ity  o f H2 and He, as a function of tempera­
tu re , can be obtained from Ref. 35 as
—6 3 / 2  - 2
PH = (0.66 x 10 ) (T) /(T  + 70.5), N sec m (5.9)
yHe = (1.55 x 10 6)(T )3/2/(T  + 97.8), N sec m~2 (5.10)
The sp ec ific  re la tions  fo r v iscos ity  o f other species are given in  the 
reference. The general re la tio n  fo r  the thermal conductiv ity , based on 
Eq. (5 .7 ), is  given as [63 ].
K. = A + BT
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The co e ffic ie n ts  A and B fo r d iffe re n t species used in  th is  study 
are given in Table 4.
The heat trans fe r to  the wall due to  conduction and d iffu s io n  is  
referred here as the convective heat f lu x  and is  given in  terms o f the 
thermal conductiv ity  and v isco s ity  as
2 NS
qr = -e [K(3T/3n) + (yLe/Pr) E (3C-/3n)h.] . (5.12)
c i= l
The values fo r  the Prandtl number Pr and the Lewis number Le are 
taken as 0.74 and 1.1 respective ly. I t  should be noted tha t Eq. (5.12) 
is  s im ila r to Eq. (2.23).
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Table 2 C oeffic ients fo r evaluation o f the spe c ific  heat at
constant pressure fo r  hydrogen/helium species.
C oeffic ients
Species* A B C D E F G
H •2500E+011 
•2500E+012 
.2475E+013 . 7366E-04 -.2537E-07 . 2386E-11 -.4551E - l6
.2547E+05
.2547E+05
.2523E+05
-.4601E+00 
-.4601E+00 
-.3749E+00
H2 .3057E+011 .3100E+012 
. 3363E+013
.2676E-02 
. 5111E—03 
.4656E-03
- . 5809E-05 
. 5264E-07 
- . 5127E-07
.5521E-08 
.3491E -l0 
. 2802E-11
1812E-11 
.3694E-14 
-.4905E-16
- . 9889E+03 
-.8773E+03 
- . 1018E+04
-.2299E+01 
—.1962E+01 
—.3716E+01
H+ •2500E+011 
•2500E+012 
. 2500E+013
.1840E+06 
.1840E+06 
. 1840E+06
-.1153E+01 
—.1153E+01 
-.1153E+01
HE . 2500E+011 
.2500E+012 
.2500E+013 0.0 0.0 0.0 0.0
-.7453E+03
-.7453E+03
-.7453E+03
•9153E+00
.9153E+O0
•9153E+00
HE+ •2500E+011 
. 2500E+012 
•2500E+013
. 2853E+06 
.2853E+06 
. 2853E+06
. 1608E+01 
. 1608E+01 
.1608E+01
E" .2500E+011 
.2500E+012 
.2508E+013 - . -332E-05 . 1364E-08 . 1094E-12 .2934E-17
- . 7453E+03 
-.7453E+03 
-.7450E+03
-.1173E+02 
-.1173E+02 
- . 1208E+02
Each species has three sets o f values va lid  over three d iffe re n t temperature range; these are 
1 > 300°K 2 > 1000°K 3 > 6000°K cnco
R
eproduced 
with 
perm
ission 
of the 
copyright 
ow
ner. 
Further 
reproduction 
prohibited 
w
ithout 
perm
ission.
Table 3 C oeffic ients fo r  evaluating the sp e c ific  heat a t
constant pressure fo r  the ab la tive  products.
C oeffic ients
Species A B C D E F G
C H . 4968E+01 
.6531E+01 
.6531E+01
.1727E-01
.6506E-02
.6506E-02
-.2994E-04 
—.2251E-05 
-.2251E-05
. 3246E-07 
.3329E-09 
.3329E-09
- . 1366E-10 
-.1721E - l3 
-.1721E -l3
.7545E+05
.7535E+05
.7535E+05
-.8769E+00 
-.7446E+01 
- . 7446E+01
0 .2946E+01 
. 2542E+01 
•2546E+01
- . 1638E-02 
-.2755E-04 
- . 5952E-04
.2421E-05 
-.3102E-08 
.2471E-07
- . 1602E-05 
.4551E - l1 
- . 2798E-11
- . 1602E-12 
- . 4368E-15 
. 9380E-16
.3890E-05
.2923E+05
.2915E+05
. 2963E+01 
.4920E+01 
. 5049E+01
02 .3526E+01 .3621E+01 
.3721E+01
- . 1878E-02 
.7361E-03 
.4254E-03
.7055E-05 
- . 1965E-06 
- . 2835E-07
-.6764E-08
.3620E-10
•6050E-12
.2155E-11 
-.2894E-14 
-.5186E-17
- . 1047E+04 
- . 1201E+04 
- . 1044E+04
. 4305E+01 
.3615E+01 
. 3254E+01
0+ . 2498E+01 
. 2506E+01 
.2944E+01
.1141E—04 
- . 1446E-04 
-.4108E-03
- . 2976E-07 
. 1244E-07 
.9156E-07
.3224E-10 
-.4685E-11 
- . 5848E—11
- . 1237E-13 
•6554E-15 
. 1190E-15
. 1879E+06 
. 1879E+06 
. 1879E+06
. 4386E+01 
.4347E+01 
.1750E+01
CO .3790E+01 
.2984E+01 
. 3366E+01
-.1619E-02 
. 1489E-02 
.8027E-03
.3692E-05 
- . 5789E-06 
-.1968E-06
-.2031E-08 
. 1036E-09 
.1940E-10
. 2395E-12 
-.6935E-14 
-.5549E-15
- . 1435E+05 
- . 1424E+05 
- .1 434E+05
.2955E+01 
.6347E+01 
. 4263E+01
CO2 . 2400E+01 .4460E+01 
.4413E+01
.8735E-02 
. 3098E-02 
. 3192E-02
-.6607E-05 
- . 1239E-05 
-.1298E-05
.2002E-08
.2274E-09
.2415E-09
. 6327E-15 
- .1 552E-13 
- . 1674E-13
-.4837E+05
-.4986E+05
-.4894E+05
. 9695E+01 
- . 9863E+00 
-.7288E+00
OI4*
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Table 3 C oeffic ients fo r  evaluation o f the spec ific  heat at
constant pressure fo r  the ab la tive  products. (Concluded)
Coeffic ients
Species A B C D E F G
C .2532E+01 
.2581E+01 
.2141E+01
- . 1588E-03 
- . 1469E-03 
.3219E-03
.3068E-06 
.7438E-07 
- . 5498E-07
-.2677E-09 
- . 7948E-11 
. 3604E-11
•8748E-13 
. 5890E-16 
-.5564E-16
.8524E+05
.8521E+05
.8542E+05
•4606E+01 
.4312E+01 
. .6874E+01
C2 .7451E+01 •4043E+01 
.4026E+01
—.1014E-01 
. 2057E-03 
. 4857E-03
.8587E-05 
. 1090E-06 
- . 7026E-07
•8732E-09 
-.3642E-10 
. 4666E-11
- . 2442E-11 
.3412E-14 
-.1142E—15
.9891E+05 
. 9970E+05 
.9787E+05
- .1 584E+02 
. 1277E+01 
. 1090E+01
C3 . 5564E+01 .4394E+01 
.2213E+02
-.4687E-02 
. 2964E-02 
- .1 759E-01
.1533E-04 
-.1541E-05 
.5565E-05
-.1509E-07 
. 3796E-09 
-.6758E-09
.5100E-11 
- . 3010E-13 
. 2925E—13
. 9926E+05 
.9926E+05 
. 9423E+05
-.2000E+01
•2970E+01
-.1021E+03
c+ . 2593E+01 
.2511E+01 
. 2528E+01
-.4068E-03 
- . 1735E-04 
.4869E-05
. 6892E-06 
. 9504E-08 
-.7026E-08
- . 5266E-09 
- . 2218E-11 
.1134E-11
.1508E-12 
. 1862E-15 
- . 3476E-16
.2166E+06 
. 2166E+06 
.2168E+06
. 3895E+01 
.4286E+01 
.4139E+01
C H2 . 2649E+01 .4420E+01 
. 5307E+01
.8491E-02 
.2211E-02 
.8966E-03
-.9816E-05 
- . 5929E-06 
- . 1378E-06
.6537E-08 
.9419E-10 
.9251E - l1
-.1735E-11 
-.6852E-14 
- . 2278E—15
.5627E+05 
.5583E+05 
. 5809E+05
.7689E+01 
-.1158E+01 
-.5288E+01
C H2 2 .1410E+01 •4575E+01 
.6789E+01
. 1905E-01 . 
. 5123E-02 
. 1503E-02
-2450E-04 
- . 1745E-05 
-.2295E-06
J539E-07 
.2867E-09 
.1534E-10
-.4134E-11 
- .1 795E—13 
-.3763E-15
.2618E+05 
.2560E+05 
.2590E+05
.1139E+02 
-.3573E+01 
- . 1539E+02
C H3 . 3344E+01 . 3877E+01 
.3877E+01
.1068E-01 
.6724E-02 
.6724E-02
-.1331E-04 
-.2605E-05 
-.2605E-05
.1338E-07 
.4416E-09 
.4416E-09
- . 5698E-11 
-.2708E-13 
-.2708E-13
. 6258E+05 
.6256E+05 
.6256E+05
.6000E+01 
•3826E+01 
. 3826E+01
1 > 300°K 2 > 1000°K 3 > 6000°K
cnCJl
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Table 4 C oeffic ients fo r  thermal conductiv ity  in  Eq. (5.11)
Species
COEFFICIENTS
A B
H .2496E-04 .5129E-07
H .3211E-04 •5344E-07
H+ .2600E-03
HE .2038E-04 .3249E-07
HE+ •2600E-03
E" .2600E-03
C . 2506E-04 .7479E-08
C .85S|0E-05 .6233E-08
C .6300E-05 .5804E-08
C+ . 2600E-03
C H .1126E-04 •7439E-08
C H .1126E-04 .7439E-08
C H . 6300E-05 . 5804E-08
C H •6300E-05 .5804E-08
0 . 1250E-04 •7092E-08
0 .1019E-04 .4901E-08
0+ .2600E-03
CO .8590E-05 .6233E-08
CO .8590E-05 .6233E-08
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6. METHOD OF SOLUTION
The numerical procedure fo r  solving the in v isc id  and viscous flow  
equations are discussed in de ta il in [5 ,29 ]. Tiwari and Szema applied 
the method outlined in  Ref. 29 in th e ir  study o f the e ffects  o f precursor 
heating on chemical and rad ia tive  nonequilibrium viscous flow  around a 
Jovian entry body. A modified form o f th is  procedure is  used in th is  
study to  obtain solutions o f the shock-layer equations under both the 
equilibrium  and nonequilibrium rad ia tive  heat trans fe r conditions. In 
th is  method, a transformation is  applied to the viscous shock-layer 
equations in  order to s im p lify  the numerical computations. In th is  
transformation most o f the variables are normalized with tn e ir  local 
shock values. The transformed variables are
n = n/ns p = P/Ps ii = y /u s
? = S p = p / o s k = k /ks
5 -  u /us T -  T/Ts Cp -  Cp/Cps
v = v /vs R = H/Hs (6.1;
The transformation re la ting  the d if fe re n tia ls  are
3/3s ( ) = 3/3? ( i /n s )(dns/d£)n 3/3n ( ) (6.2a)
and
3/3n ( ) = 1/n 3/3n (. ) ,  ^ / i n  = l/n *  32/3n2 ( ) (6.2b)
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The transformed equation can be expressed in  a general form as
2 2
3 W/3n + a 3W/3.ri + a W + a + a 3W/3£ -  0
1 2 3 it
(6.3)
The quantity  W represents u in  the x-momentum equation, T in the 
temperature energy equation, H in  the enthalpy energy equation, and 
C. in  the species co n tin u ity  equations. The coe ffic ie n ts  a to  a1 1 *f
are given in  [5 ].  With rad ia tion  included in  the study, the c o e ffic ie n t 
a is  d if fe re n t from the expression given in  Ref. 5. The modified value
3
fo r  the a in  the enthalpy energy equation is
3
2
1 + ngnK + r  + ng cos 6
k  , cos 0
(6.4)
where
] i s ] i 2s Kpu2
(6.5)1 + ng riK
other transformed equations are the same as given in  [5 ].
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The surface boundary conditions in  terms o f transferred variables
are
il = 0, v = 0, T = Tw (6.5)
The transformed shock conditions are found to be
u = v = T = fl = p = p = l (6.6)
at n = 1 .
The second order p a rtia l d if fe re n tia l equations as expressed by 
Eq. (6 .3 ), along w ith the surface boundary and shock conditions, are 
solved by employing an im p lic it  f in i t e  d iffe rence scheme. The procedure 
is  discussed b r ie f ly  in  Appendix A where flow  diagrams fo r  specific  
computations are also provided.
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7. RESULTS AND DISCUSSIONS
The resu lts  obtained in the present study extend over a wide range 
of free stream and flow conditions and probe shapes. The basic shapes 
considered fo r  the entry probes are sphere cones, hyperboloids and 
e llipso ides . Most results  have been obtained fo r the entry conditions 
( i . e . ,  the free-stream conditions at d iffe re n t entry a ltitu d e s ) given 
in  Table 1. However, some spec ific  resu lts  have been obtained also fo r 
other entry conditions. The shock-layer gas has been assumed to be in 
chemical equ ilib rium  fo r  the en tire  study. D iffe ren t spectral models 
fo r  rad ia tive  transfe r in the gas have been considered and various 
resu lts  obtained by these models are compared. The NLTE analysis has 
been carried out f i r s t  by considering only the hydrogen/helium species 
in the shock-layer gas. Later, the contributions of ab lative products 
are indluded also in  the NLTE analysis. Thus, in  accordance with the 
four areas of th is  study, the results  are presented in the fo llow ing 
four sections: (1) Significance of rad ia tion  models on the flo w -fie ld
so lu tions, (2) Influence o f NLTE rad ia tion  without ablation in je c tio n ,
(3) Importance of NLTE rad ia tion  w ith ablation in je c tio n , and
(4) E ffect o f probe shape change on the flow phenomena. The physical 
model and flow  conditions fo r  which the resu lts  were obtained are 
given in each section.
7.1 Significance o f Radiation Models on the 
Flowfield Solutions
By employing the three d iffe re n t absorption models discussed in 
sec. 3.2, resu lts  were obtained fo r  the flo w fie ld  variables and the wall
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rad ia tive  heat f lu x  d is tr ib u tio n  fo r  d iffe re n t entry conditons and body 
configurations. Inv isc id  as well as viscous resu lts  were obtained fo r 
a 55-degree h a lf angle sphere cone, while only viscous resu lts  were 
obtained fo r  a 50-degree hyperboloid. Comparison o f in v isc id  and 
viscous results  is  presented fo r  a 55-degree sphere cone entering the 
Jovian atmosphere at an a ltitu d e  o f Z = 116 km. Next, a series of 
viscous results are presented fo r  the 55-degree sphere cone a t d iffe re n t 
entry conditions. F in a lly , viscous resu lts  fo r  a 50-degree hyperboloid 
are presented.
7.1.1 Comparison o f Inv isc id  and Viscous Results
Inv isc id  and viscous resu lts  obtained by employing the deta iled and 
30-step rad ia tion  models are compared in  th is  section. The temperature 
d is tr ib u tio n  along the stagnation streamline is  illu s tra te d  in  Fig. 6a. 
The agreement between in v isc id  and viscous resu lts  is  seen to be fa i r ly  
good except near the body, where viscous boundary-layer e ffec ts  are 
predominant (see Fig. 6b). The d ifference between the deta iled and 
30-step model resu lts  is  lower fo r  the in v isc id  case than the viscous 
case. This is  due to  re la tiv e ly  higher temperature across the shock 
layer fo r  the in v isc id  analysis. As pointed out e a r l ie r ,  the step 
model is  more accurate at higher temperatures.
The shock standoff distance as function o f body location is 
il lu s tra te d  in  Fig. 7. The f i r s t  three curves i l lu s t ra te  the in v isc id  
resu lts  fo r  the three d iffe re n t rad ia tion  models. The fourth  curve, 
obtained by employing the N ico le t's  deta iled rad ia tion  model, is  fo r  
the viscous case, and is  drawn here fo r  comparison. The shock standoff 
distance is  s l ig h t ly  larger fo r  the present 30-step model as compared
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Fig. 6a Temperature d is tr ib u tio n  along the stagnation streamline fo r
in v isc id  and viscous analysis (55-degree sphere cone, Z = 116 km),
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Fig. 7 Shock standoff va ria tion  w ith distance along the body surface fo r  
in v isc id  and viscous analysis (55-degree sphere cone, Z = 116 km).
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with the resu lts  of the detailed and Sutton's 58-step models. Although 
the d ifference between in v isc id  and viscous resu lts  is  seen to be quite 
small, use o f the viscous analysis is  recommended fo r  more re a lis t ic  
and accurate ca lcu lations.
Results o f rad ia tive  heating along the body are illu s tra te d  in 
Fig. 8. While in v isc id  results are seen to be s lig h t ly  higher a t the 
stagnation p o in t, viscous results are re la tiv e ly  higher at other body 
locations (up to  s*/R^j =0 . 6 ) .  This is  a d ire c t consequence o f viscous 
boundary-layer e ffec ts . Discussion on viscous resu lts  o f d iffe re n t 
rad iation  models is  given in the next subsection.
7.1.2 Viscous Results fo r  a 55-Degree Sphere Cone
Viscous results  fo r  a 55-degree cone (with a nose radius of 22.2 
cm) is  presented in th is  subsection fo r  d iffe re n t entry conditions. 
Results of various radiation models are compared in  order to establish 
the v a lid ity  o f the present 30-step rad ia tion  model.
In the shock laye r, the temperature d is tr ib u tio n  along the stagna­
tion  streamline is  illu s tra te d  in  Fig. 9 fo r  two d iffe re n t free-stream 
(density) conditions. I t  is  found tha t the present 30-step model 
underpredicts the shock-layer temperature by a maximum o f 11 percent in  
comparison to  N ico le t's  detailed model and by about 4.5 percent when 
compared w ith Sutton's 58-step model. For free-stream conditons 
resu lting  in  higher shock temperature, the agreement between the resu lts  
is  even be tte r. This is  because the higher temperature absorption 
spectrum can be approximated more accurately by the present step-model.
From the results  presented in  Figs. 6 and 9, i t  is  noted tha t there 
exists a steep temperature gradient in  the regions close to the body.
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Fig. 8 Radiative heating along the body fo r  in v isc id  and viscous 
analysis (55-degree sphere cone, Z = 116 km).
R eprod u ced  w ith perm ission of the copyright ow ner. Further reproduction prohibited w ithout perm ission.
TE
M
PE
RA
TU
RE
67
2
20
18
16
14
7 /
12
N IC O L E T
PRESENT10
SUTTON
8 5 3 °  SPHERE CONE
2 2 . 2  cm
6
V *  = 3 9 . 0 9  k m / s e c
4
0 10 3 0 4 0  4 5  x  10
n  = n * / R £
Fig. 9 Temperature d is tr ib u tio n  along the stagnation streamline fo r  two 
d iffe re n t free-stream densities (55-degree sphere cone).
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At locations about f iv e  times the nose radius (normal to  the body), only
a s lig h t va ria tion  in  the shock-layer temperature is  noticed. This fa c t
was u t il iz e d  in  d iv id ing  the shock layer in to  d iffe re n t temperature zones
fo r evaluating the absorption c o e ffic ie n t. In a prelim inary study, two
methods were used to account fo r  the temperature dependence o f the
absorption c o e ffic ie n t. In the f i r s t  method, the absorption co e ffic ie n t
*
was calculated at the shock temperature, T . This value was used in  
analyzing the flow  f ie ld  in  the en tire  shock layer. Results obtained 
by th is  method are designated here as "present-approximate" resu lts .
In the second method, the shock layer is  divided in to  three d iffe re n t 
temperature zones, two o f which are closer to  the body (because o f the 
steep gradient near the body). For each temperature zone, a d iffe re n t 
30-step model fo r  absorption is  obtained. These are read as input in 
the computer program while evaluating the flow  variables in  the pa rticu ­
la r  temperature zone. Results obtained by th is  method are denoted here 
as "present" resu lts .
The va ria tion  in  temperature ju s t behind the shock (at location 
n = 0.05) w ith distance along the body surface is  i l lu s tra te d  in  Fig. 10 
fo r  entry conditions a t Z = 116 km. The resu lts  o f the present model 
are found to be about s ix  percent lower than the resu lts  o f N ico le t's  
model. This d iffe rence is  seen to be f a i r ly  uniform along the body.
Figure 11 shows the shock standoff va ria tion  w ith  distance along 
the body surface fo r entry conditions at Z = 116 km. Results of 
Sutton's model are found to be in  general agreement w ith the resu lts  o f 
N ico le t's  model. The present model is  seen to overestimate the resu lts  
by a maximum o f 8.6 percent when compared w ith the resu lts  o f N ico le t's  
model. This is  mainly because the present model underpredicts the 
shock-layer density.
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Fig. 11 Shock standoff va ria tion  w ith  distance along the body 
surface (55-degree sphere cone, Z = 116 km).
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The rad ia tive  heating rate along the body surface is  il lu s tra te d  in  
Figs. 12 and 13 fo r d iffe re n t entry conditions. As would be expected, 
in  a l l  cases, the maximum heating occurs at the stagnation po in t. For 
Z = 116 km, resu lts  presented in  Fig. 12 show tha t the present model 
underpredicts the heating rate by a maximum o f 13.6 percent when 
compared w ith N ico le t's  model. For the case of higher free-stream 
density (and hence a higher shock temperature), differences in  the 
resu lts  of the present and other models are seen to be smaller.
Figure 13 shows the resu lts  o f rad ia tive  heating fo r  131-km entry 
conditions. For th is  higher a lt itu d e , the heat transferred to the body 
is  lower because of lower free-stream density and pressure. For th is  
case, differences in  the resu lts  o f the present and N ico le t's  model are 
seen to be s lig h t ly  higher.
7.1.3 Viscous Results fo r  a 50-Degree Hyperboloid
Viscous resu lts  fo r  a 50-degree hyperboloid (w ith a nose radius of
22.2 cm) are presented in  th is  subsection fo r  d iffe re n t entry conditions. 
The temperature d is tr ib u tio n  in  the shock layer (along the stagnation 
streamline) is  illu s tra te d  in  Fig. 14 fo r  entry conditions at Z = 116 km. 
The results  o f the three rad ia tion  models are seen to fo llow  the same 
general trend as fo r  the 55-degree sphere cone. A maximum difference 
o f about 4.5 percent is  seen between the present model and N ico le t's  
model. This d ifference is  near the body (a t n = 0.0095). Agreements 
between the resu lts  are be tte r towards the shock.
The va ria tion  in  temperature ju s t behind the shock (a t location 
n = 0.07) w ith distance along the body surface is  il lu s tra te d  in  Fig. 15 
fo r  entry conditions at Z = 116 km. The resu lts  ind icate  very good
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Fig. 12 Radiative heating along the body fo r  two d iffe re n t 
free-stream densities (55-degree sphere cone).
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Fig. 13 Radiative heating along the body fo r  entry conditions 
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agreement between the three radiation models. The resu lts  of the present 
model are w ith in  1.4 percent o f the resu lts  o f N ico le t's  model. As 
would be expected, maximum difference in  resu lts  occurs at the stagnation 
streamline.
The shock standoff va ria tion  w ith distance along the body surface 
fo r entry conditions a t Z = 116 km is  shown in Fig. 16. As was the 
case with the 55-Degree sphere cone, the present model is  seen to over­
estimate the resu lts  in  comparison to the other models.
The rad ia tive  heating rate along the body surface is  illu s tra te d  
in Figs. 17 to 19 fo r  d iffe re n t entry conditions. For th is  body geometry 
a lso, the maximum heating occurs at the stagnation point. For Z = 116 km, 
resu lts  presented in  Fig. 17 indicate tha t the present model underpredicts 
the heating rate by a maximum o f about 13 percent when compared with 
N ico le t's  model. For higher free-stream density, the resu lts  presented 
in Fig. 18 show smaller d ifferences in  the resu lts  o f various radiation 
models. For entry conditions at Z = 131 km, resu lts  presented in  
Fig. 19 indicate tha t heat transferred to  the body is  s ig n if ic a n tly  lower. 
This is  because o f lower free-stream density and pressure. As was the 
case with the 55-degree sphere cone at th is  a lt itu d e , the difference 
between the present and N ico le t's  resu lts  is  re la tiv e ly  higher.
I t  is  found tha t use of the present model reduces the computational 
time s ig n if ic a n tly . The use o f th is  model is  recommended fo r simple 
parametric study. However, the use o f the present model has i t s  l im ita ­
tions . For problems with varying shock-layer compositions and large 
temperature va ria tion s , a su itab le  emphirical co rre la tion  has to be 
developed from the deta iled model to  make the present model more ve rsa tile  
and accurate.
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Fig. 16 Shock standoff va ria tion  w ith distance along the body 
surface (50-degree hyperboloid, Z = 116 km).
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Fig. 17 Radiative heating along the body fo r  entry conditions
at Z = 116 km (50-degree hyperboloid).
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7.2 Influence o f NLTE Radiation Without Ablation In jection
Specific resu lts  obtained by using the NLTE formulation fo r  the 
rad ia tive  transport, as described by Eqs. (3.40) - (3.42), are presented 
in  th is  section. The governing Eqs. (2.6) - (2.13) were used to solve 
the shock-layer flow which was considered to be viscous and in chemical 
equilibrium . The e ffe c t o f ablation mass in je c tio n  in to  the flow was 
neglected. In th is  section, equilibrium  rad ia tive  transport solutions 
are presented along with the NLTE resu lts  fo r  comparative purpose. For 
th is  study, the entry bodies considered are a. 50-degree hyperboloid and 
a 55-degree sphere cone which enter the Jovian atmosphere at zero-degree 
angle of attack. In both cases, the body nose radius, R^, is  taken to 
be 22.2 cm. The body surface is  assumed to be gray having a surface 
emittance of 0.8, and the wall temperature, T .  is  taken to be constant 
at 4,200 K. The va ria tion  of the nonequilibrium absorption co e ffic ie n t 
(as compared to the equilibrium  values) is  shown in Fig. 20 at a tempera­
ture of 15,950 K. Within the confines o f assumptions made in th is  study, 
the equilibrium  and nonequilibrium absorption coe ffic ie n ts  are found to 
the same beyond 10 eV. The shaded portion in  the figu re  represents the 
decrease in  the absorption co e ffic ie n t values as a re su lt of increase in  
the population o f higher energy leve ls.
7.2.1 NLTE Results fo r  a 50-Degree Hyperboloid
The va ria tion  of c o l l i  sional re laxation time across the shock layer 
is  shown in  Figs. 21a to 21c fo r three d iffe re n t entry conditions.
Figure 21a shown the results  fo r  combined H-H and 0.5 H - 0.5 Hg and 
H+ - H+ c o llis io n s , the resu lts  ind icate  tha t in  a ll three cases the
R eproduced  with perm ission o f the copyright ow ner. Further reproduction prohibited w ithout perm ission.
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Fig. 20 Equilibrium  and nonequilibrium absorption
coe ffic ien ts  fo r  two-level energy tra n s itio n s .
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Fig. 21a Variation o f re laxation  time across the shock-layer 
fo r  H-H and 0.5 H - 0.5 H2 c o llis io n s .
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re laxation time does not vary s ig n if ic a n tly  across the shock layer except 
very close to the body. Thus, higher NLTE e ffects  w i l l  be expected in 
regions closer to the wall where the assumption of chemical equilibrium  
usually is  ju s t if ie d  [8 ].  Since re laxation times are comparatively 
longer fo r  higher entry a ltitu d e s , one would expect the NLTE e ffec ts  to 
be greater at higher a ltitu d e s . The resu lts  presented in Fig. 21a fo r 
combined H-H and 0.5 H - 0.5 ^  c o llis io n s , of course, are not 
representative o f the resu lts  fo r  the actual shock-layer co llis io n a l 
processes; they are presented here only fo r  comparative purposes. The 
results  o f the other two c o llis io n a l processes are found to be very close 
(Figs. 21b and 21c), and they do represent very nearly the resu lts  o f 
actual shock-layer c o llis io n a l processes.
For the entry condition at Z = 116 km, the temperature d is tr ib u ­
tion  along the stagnation streamline is  il lu s tra te d  in  Figs. 22a and 22b.
+ +The resu lts  in Fig. 22a are fo r  combined H-H and H -H co llis io n s  and 
in Fig. 22b fo r  0.95 H - 0.05 Hg and H+ - H+ c o llis io n s ; the two sets 
o f resu lts  are found to be almost id e n tica l. The resu lts  c le a rly  indicate 
tha t the NLTE temperature d is tr ib u tio n  is  consistan tly  lower than the 
equilibrium  temperature. This implies tha t the shock-layer gas absorbs 
less energy under NLTE conditions than under equ ilib rium  conditions.
This is  because under NLTE conditions (where the population ra tio s  o f 
the energy levels deviate from the equ ilib rium  Boltzmann d is tr ib u tio n ) 
the number o f p a rtic le s  (capable o f absorbing the incoming rad ia tion ) in 
the ground state is  comparatively less than under equilib rium  conditions. 
The differences between LTE and NLTE resu lts  are seen to  be lower toward 
the shock than the body. This is  mainly due to d ire c t dependence o f the 
c o llis io n a l deactivation process on the temperature. The maximum NLTE
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e ffe c t, therefore, w il l  occur near the body surface where the co llis io n a l 
deactivation process is  slower because o f the lower temperature (see also 
the resu lts  presented in  Fig. 21).
For the entry conditions at Z = 116 km, the temperature d is tr ib u ­
tions along the body are shown in Fig. 23 fo r  two locations in  the shock 
layer. The NLTE resu lts  were obtained by considering the combined H-H
•f “I*
and H -H c o llis io n a l process. In the region close to  the shock 
(n = 0.068), the differences between the LTE and NLTE temperatures are 
neg lig ib le  (less than 0.1 percent). On the otherhand, a t a location 
closer to the body (n = 0.00012), the differences are s ig n if ic a n tly  
la rger: a d ifference o f about 6.8 percent is  noted a t the stagnation
point. Since temperature decreases in  the d irec tion  o f the s coordi­
nate, the NLTE influence is  found to be greater a t locations away from 
the stagnation streamline.
For the entry conditions at Z = 116 km, the shock-standoff 
va ria tion  w ith distance along the body surface is  shown in Fig. 24.
Since the shock-standoff distance is  mainly influenced by the entry con­
d itio ns  and the shape o f the entry body, the conditions o f NLTE in the 
shock layer do not have any e ffe c t on i t s  va ria tio n .
For entry conditions at Z = 109 km, the LTE and NLTE rad ia tive
heating along the body are il lu s tra te d  in  Fig. 25. The NLTE resu lts  were
+ +obtained by considering the combined H-H and H -H co llis io n a l 
process. The resu lts  simply ind icate  tha t the NLTE heating is  consistently  
lower than the LTE heating a ll along the body. Since the number density 
o f pa rtic ip a tin g  p a rtic les  is  re la t iv e ly  higher at lower a ltitu d e s , la rger 
NLTE e ffec ts  would be expected at a ltitu de s  higher than Z = 109 km.
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For the peak heating entry conditions ( i . e . ,  fo r  Z = 116 km), the 
LTE and NLTE resu lts  o f ra d ia tive  heating along the body are il lu s tra te d  
in  Fig. 26. In order to  assess the influence o f various deactivation 
processes, the NLTE resu lts  have been obtained by considering fiv e  d i f ­
fe ren t c o llis io n a l re laxation times. This is  essential because the exact 
nature o f the c o llis io n a l deactivation process, which ac tu a lly  occurs in 
the shock-heated gas, is  not known. I t  is  evident from the figu re  tha t 
the NLTE resu lts  obtained by considering only the H+-H+ c o llis io n s  are 
very close to  the LTE resu lts . Consequently i t  may be concluded tha t in  
a f u l ly  ionized plasma the assumption o f LTE is  ju s t i f ie d .  The NLTE 
resu lts  obtained by considering only the 0.5 H - 0.5 ^  c o llis io n s  are 
seen to be s ig n if ic a n tly  lower than the LTE resu lts . This, however, does 
not represent a physica lly  r e a l is t ic  s itu a tio n  fo r  the shock-layer gas 
(because of a very low number density o f hydrogen molecules); the resu lts  
are presented here only fo r  comparative purpose. Probably the more 
re a l is t ic  c o llis io n a l process fo r  the shock-layer gas may be represented 
by the combined H-H and H+-H+ or H-Hg c o llis io n s . The NLTE 
resu lts  obtained by considering the combined re laxation times of these 
c o llis io n s  are seen to be much lower than the LTE resu lts  a l l  along the 
body. The maximum NLTE e ffec ts  are found to be fo r  the case of combined 
H-H and 0.95 H -  0.05 H2 c o llis io n s . The difference between LTE and 
NLTE re su lts  fo r  th is  case is  11 percent a t the stagnation p o in t. The
4* +case o f the combined H-H and H -H c o llis io n a l process (which is  very
4* 4*close to the case of the combined 0.95 H - 0.05 and H -H process), 
however, appears to be more phys ica lly  convincing. For th is  case, a 
comparison o f resu lts  presented in  Figs. 25 and 26 reveals th a t NLTE 
e ffec ts  are s ig n if ic a n tly  higher at Z = 116 km than at Z = 109 km.
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Figure 26 shows a nine percent reduction in  rad ia tive  heating fo r  th is  
case at the stagnation point. Perhaps an even more convincing process to 
consider w i l l  be the combined H-H, H+-H+, and 0.95 H -  0.05 
co llis io n a l process. However, a t present no theory is  available to ca l­
culate the re laxation times of such c o llis io n s . The e ffects  of such 
c o llis io n s , o f course, w i l l  be lower than those fo r  the combined H-H 
and 0.95 H - 0.05 H2 c o llis io n s ; the resu lts  are expected to be closer 
to the resu lts  o f the combined H-H and H+-H+ co llis io n s .
For entry conditions at Z = 131 km, the resu lts  o f rad ia tive  and 
convective heating along the body are illu s tra te d  in  Fig. 27. The NLTE 
resu lts  were obtained by considering the combined H-H and H+-H+ 
c o llis io n a l process. For rad ia tive  heating, NLTE resu lts  are shown also 
fo r  two-level energy tra n s itio n s . The resu lts  c le a rly  indicate th a t, 
although differences between LTE and NLTE resu lts  are small fo r  the 
convective heating, they are considerably large fo r the rad ia tive  
heating. The contributions o f higher level energy tra n s itio n s  on NLTE 
resu lts  are seen to be quite small (less than 1.7 percent). Since NLTE 
a ffects  the convective heating only through a d iffe re n t temperature d is ­
tr ib u t io n , the e ffects  are seen to be quite small away from the stagnation 
po in t.
Results of LTE and NLTE rad ia tive  heating at the stagnation point 
are shown in  Fig. 28 fo r  entry conditions at d iffe re n t a ltitu d e s . The 
NLTE resu lts  again are obtained by considering the combined H-H and
4* -)■
H -H c o llis io n s . Once again the NLTE resu lts  fo r two-level energy 
tran s itio n s  are presented fo r  comparative purposes. The resu lts  show 
tha t differences between LTE and NLTE heating rates are larger at higher 
a ltitu d e s . As mentioned e a r lie r ,  th is  is  because the densities of
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p a rtic ip a tin g  species are re la tiv e ly  lower at higher a ltitu d e s  (lower 
pressures), and th is ,  in  tu rn , resu lts  in  longer c o llis io n a l deactivation 
times.
7.2.2 NLTE Results fo r  a 55-Degree Sphere Cone
For the 55-degree sphere cone, the ra d ia tive  heating resu lts  fo r 
the peak heating conditons are il lu s tra te d  in  Fig. 29. The NLTE resu lts  
were obtained by considering the combined H-H and H+-H+ c o llis io n a l 
process. Because o f the numerical in s ta b i l i ty  i t  was possible to obtain 
accurate NLTE resu lts  only up to the tangency po in t. Obviously, fu rth e r 
work is  needed to improve the numerical procedure fo r  obtaining the NLTE 
resu lts  toward the downstream regions. In the stagnation region, the 
resu lts  fo r  the sphere cone show e sse n tia lly  the same trend as fo r  the 
hyperboloid. At the stagnation po in t, the d ifference between the LTE 
and NLTE resu lts  fo r  the sphere cone is  about the same as fo r  the hyper­
boloid. This c le a r ly  indicates tha t the NLTE resu lts  are not influenced 
s ig n if ic a n tly  by the changes in  forebody shapes. However, fu rth e r work 
is  needed to  make th is  a d e fin ite  recommendation because the LTE heating 
rates are influenced by the shape change [64 ].
The resu lts  presented in  th is  section ind icate  th a t, although the 
re laxation times fo r  co llis io n s  between neutral p a rtic les  decreases with 
increasing temperature, the reverse is  true fo r  the charged p a rtic les .
I t  is  also noted th a t the phys ica lly  re a l is t ic  c o llis io n a l process fo r 
the shock-layer gas ( in  the absence o f ab la tive  products) is  the combined
"I" "I"H-H and H -H deactivation process. Specific resu lts  ind ica te  tha t 
NLTE e ffec ts  are greater closer to  the body than near the shock. This is  
because the NLTE resu lts  are influenced strong ly by the temperature
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d is tr ib u tio n  in  the shock layer and the e ffects  are lower at higher 
temperatures. I t  is  fu rth e r noted tha t the contribu tion  of higher level 
energy tra n s itio ns  on the NLTE resu lts  is  re la tiv e ly  small fo r  a ll entry 
conditions. I t  is  found tha t the influence of NLTE, in general, reduces 
the convective and ra d ia tive  heating to  the entry body. Although th is  
e ffe c t is  small fo r  the convective heating, the rad ia tive  heating is  
influenced s ig n if ic a n tly . The NLTE e ffec ts  are greater fo r higher a l t i ­
tude entry conditions. From a q u a lita tive  comparison o f the resu lts  fo r 
a 50-degree hyperboloid and a 55-degree sphere cone (under identica l 
physical and entry cond itions), i t  is  noted tha t the NLTE results  are not 
influenced s ig n if ic a n tly  by the change in  the forebody configurations o f 
the entry probe.
7.3 Importance of NLTE Radiation w ith Ablation In jection
For peak-heating entry conditions, the viscous shock-layer results  
obtained fo r  a 35-degree hyperboloid (w ith coupled ablation mass loss 
from a carbon-phenolic heat shie ld) are presented in  th is  section. The 
LTE resu lts  fo r  th is  case are available in [64-68]. For NLTE study, 
however, i t  is  essential to know the nature o f the c o llis io n a l deexcita­
tion  processes and the re laxation time o f d iffe re n t shock-layer species 
in presence of the ab la tive  products. Figure 30 illu s tra te s  the important 
species concentration near the wall in fluencing the c o llis io n a l 
process. The va ria tion  o f c o llis io n a l re laxation time is  obtained using 
Eqs. (4.11) - (4.14) and th is  is  shown in  Fig. 4. The rad ia tive  life tim e s  
o f the bands tha t are considered to be in  NLTE are also shown in th is  
fig u re . Unlike the c o llis io n a l re laxation time, the rad ia tive  life tim e  
is  inva rian t w ith temperature.
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The temperature va ria tion  across the shock layer ( fo r  location 
s = 0) is  shown in  Fig. 31 fo r both LTE and NLTE conditions. Results 
obtained in  the previous section w ith no mass in je c tio n  are also shown 
here fo r  comparison. As would be expected, the shock-layer temperature, 
in general, are lower in the v ic in ity  o f the body in the presence o f the 
ab la tive  products [64,68]. I t  is  seen tha t the NLTE temperature d is t r i ­
bution is  lower than the equilibrium  values throughout the shock layer.
A maximum difference of 5.48 percent is  noticed between the two values at 
n = 0.13. The C2 molecules in  the ablation layer (a region in  the 
v ic in ity  o f the w a ll) ,  which absorb less under NLTE conditions, possess 
less energy than the equilibrium  value. This, in tu rn , resu lts  in lower 
temperature values in the ab ltion  layer and the trend continues in  the 
en tire  shock layer.
Figure 32 il lu s tra te s  the density and enthalpy va ria tions  across the 
shock layer fo r  LTE and NLTE conditions. The enthalpy va ria tion  has a 
s im ila r trend as the shock-layer temperature shown in  Fig. 31. I t  was 
found tha t NLTE e ssen tia lly  had no influence on the pressure d is tr ib u tio n  
in the shock layer. The density, however, is  seen to be s ig n if ic a n tly  
higher fo r  the NLTE case. This is  a d ire c t consequence o f re la tiv e ly  
lower NLTE temperatures in  the shock layer. A maximum increase in  density 
of about 5.5 percent is  noticed at n = 0.15. The shock standoff va ria tion  
w ith distance along the body surface is  shown in  Fig. 33 fo r  LTE and NLTE 
conditions. I t  is  noted tha t the NLTE resu lts  are comparatively higher 
than the LTE re su lts . A possible reason fo r th is  behavior is  the combi­
nation o f enthalpy and density va ria tion  in  the shock-layer along w ith 
the energy loss at the shock fo r  nonequilibrium condition.
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Variations in the nondimensional surface pressure and heating rate
along the forebody of the probe are il lu s tra te d  in  Fig. 34. These
quantities are nondimensionalized by th e ir  respective stagnation values
o f p* Q = 6.309 atm, q* Q (LTE) = 201.849 MW/m2, and q* Q(NLTE) =
*  2 *  ’
208.927 MW/m . I t  is  seen tha t NLTE v ir tu a l ly  has no influence on the
pressure d is tr ib u tio n . However, the to ta l heating rate (convective plus
rad ia tive ) is  increased under NLTE conditions. The main contribution to
the to ta l surface heating was found to be the rad ia tive  heating and th is
is  illu s tra te d  in  Fig. 35. I t  is  seen th a t, as a re su lt o f the NLTE, the
rad ia tive  heating rate is  increased by about 4 percent at the stagnation
point. However, the increase is  small a t other body locations. The
reason fo r  th is  increase in  NLTE rad ia tive  heating can be given as
fo llow s. Under NLTE conditions, the number o f Z^ molecules in  the
unexcited ground level (tha t are capable o f absorbing the incoming
rad ia tion  from the shock-layer gases) is  less as compared to the LTE
values ( i . e . ,  the number based on the Boltzmann d is tr ib u tio n s ). This
increases the transparency o f the ablation layer which, in  tu rn , resu lts
in higher heating o f the entry body. I t  is  important to point out here
th a t, in  the absence of ab la tive  products in  the shock-layer gas, the
results  presented in  the previous section ind icate  tha t the NLTE reduces
the net rad ia tive  heating to the entry body. This study indicates that
the s itua tion  is  reversed when contributions of the ab la tive  products
are included in  the NLTE analysis. This is  an important re su lt o f the
present study. The ablation mass loss rate from the body surface is
shown in  Fig. 36. As would be expected, the mass loss rate is  higher
under the NLTE condition (because o f the increased heating rates to the
body).
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In conclusion, the resu lts  presented in  th is  section indicate tha t 
the temperature and enthalpy d is tr ib u tio n  in  the shock layer are lower 
under NLTE conditions. The NLTE increases the density in  the shock layer 
but i t  has no influence on the pressure va ria tion . The rad ia tive  heating 
to the entry body is  increased s ig n if ic a n tly  because of NLTE and th is ,  in  
tu rn , resu lts  in increased mass loss from the body.
7.4 E ffect o f Probe Shape Change on the Flow Phenomena
The shock shape and shock-standoff distance are influenced greatly  
by the shape o f the entry body. To study the influence of shape change on 
flow  phenomena around the entry body, i t  is  essential to specify several 
speculative p ro file s  tha t w il l  emerge from mass loss and recession o f the 
heat shield ju s t a fte r the peak heating phase o f the entry mission. This 
is  important because the main data co lle c tio n  phase o f the mission s ta rts
a fte r the heating phase. As th is  stage, i t  is  essential to consider the 
actual shape of the probe rather than the in i t ia l  shape in  investiga ting  
the flow  f ie ld  and aerodynamic s ta b i l i t y  o f the entry body. I t  is  
necessary, therefore, to have ana ly tic  expressions tha t are capable of 
generating such desired shapes. A general re la tion  fo r  the shape change 
can be given by a quadratic form as
y 2 = 2 Rn x - B x2 (7.1)
where B represents the bluntness fac to r which determines the body shape. 
For negative values of B, the resu lting  shapes are a fam ily of hyperbolas. 
For B = 1, c irc u la r or spherical shapes are obtained. A fam ily of 
parabolas is  obtained fo r  B = 0, and pos itive  values of B give 
e l l ip t ic a l  shapes.
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Use of Eq. (7.1) is  made in  generating d iffe re n t shapes fo r  the 
entry probe. The in i t ia l  body shapes considered fo r  th is  study are a 
45-degree sphere cone ( i . e . ,  a 45-degree h a lf angle, spherica lly  capped, 
conical body), a 35-degree hyperboloid ( i . e . ,  a hyperbolic forebody shape 
with an asymptotic angle o f e = 35 ) ,  and a 45-degree e llip s o id . The 
reason fo r  selecting a 35-degree hyperboloid (instead o f a 45-degree 
hyperboloid) is  tha t the mass losses fo r  th is  and the 45-degree sphere 
cone and 45-degree e llip s o id  are comparable. For a l l  in i t ia l  shapes, 
the nose radius considered is  31.12 cm and the base radius is  taken to 
be twice the nose radius. The f in a l shape a fte r  the heating phase w il l  
depend upon the extent o f absorption o f incoming rad ia tion  by the ab la tive 
products. I f  no rad ia tion  blockage is  assumed, then i t  is  possible to 
have severe recession o f the forebody as well as of the afterbody. A 
25 or 50 percent rad ia tion  blockage w il l  re s u lt in  re la t iv e ly  less 
severe blunting o f the entry probe. I t  is  possible to  generate these 
speculative p ro file s  w ith help of Eq. (7 .1).
The numerical procedure employed by Sutton et a l.  (Ref. 26) fo r 
in v isc id  rad ia ting  flow  is bas ica lly  used in th is  study also. For the 
in i t ia l  p ro f i le ,  the x and y coordinates, the distance along the 
body, and the radius o f curvature are specified at 14 selected stations 
along the body. For the changed p ro file s , the distance along the body, 
the radius o f curvature, and the body angle are calculated at each 
sta tion  by using a subroutine with x and y coordinates as inputs. A 
three-po in t central d iffe rencing scheme is  used fo r  ca lcu la tion  o f the 
s loca tion , and a two-point backward d iffe rencing  scheme is  used fo r  
ca lcu la tion  o f the curvature.
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The three in i t ia l  body shapes and the corresponding body p ro file s  
tha t emerge i f  the influence o f shape change is  considered are shown in  
Figs. 37a to 37c. Figure 37a shows the forebody configurations o f the 
45-degree sphere cone in  which p ro f ile  1 represents the in i t ia l  shape 
and p ro f ile  2 is  the corresponding blunted p ro f ile .  P ro file  2 represents 
a case where the entry body has experienced a severe blunting near the 
stagnation region as compared to the downstream region. S p e c ifica lly , 
th is  represents a shape where the in i t ia l  body has undergone a severe 
mass loss near the nose a fte r  absorbing about 50 percent of the incoming 
rad ia tion . P ro files  3 and 4 in Fig. 37a represent two a rb itra ry  blunted 
shapes fo r  which the mass loss is  assumed to be uniform a ll along the 
body. For a l l  the forebody p ro file s  shown in  Fig. 37a, the afterbody 
shape is  a 45-degree half-angle cone.
D iffe ren t configurations fo r the 35-degree hyperboloid are shown in  
Fig. 37b. In th is  case also, the severely blunted p ro f ile  is  represented 
by the curve 2. This corresponds to the case o f severe stagnation region 
mass loss with assumed rad ia tion  blockage o f about 50 percent. P ro file  3 
in Fig. 37b represents the shape fo r approximately 40 percent rad ia tion  
blockage w ith uniform mass loss along the en tire  body. D iffe ren t con­
figu ra tion s  fo r  the 45-degree e llip s o id  are shown in  Fig. 37c, and they 
correspond to exactly the same conditions as fo r  the 35-degree 
hyperboloid.
The condition o f LTE fo r  the rad ia tive  transport was assumed while 
obtaining the resu lts  using d iffe re n t probe configurations. Since NLTE 
is  a condition of the absorbing/em itting gases, i t  is  assumed th a t the 
shape change w il l  not influence the NLTE phenomena. The resu lts  have 
been obtained fo r  d iffe re n t entry conditions and they are presented here
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f i r s t  fo r  the 45-degree sphere cone and then fo r  the 35-degree hyperboloid. 
F in a lly , the peak heating results fo r  the 45-degree sphere cone and 
35-degree hyperboloid are compared w ith  peak heating results  of the 
45-degree e llip s o id .
7.4.1 Results fo r  45-Degree Sphere Cone
D iffe ren t resu lts  obtained fo r  the 45-degree sphere cone are i l lu s ­
trated in Figs. 38 to 45. The shock standoff va ria tion  with distance 
along the body surface is  shown in  Figs. 38 and 39. For peak heating 
conditions ( i . e . ,  fo r Z = 116 km), resu lts  obtained fo r  the four 
p ro file s  indicated in  Fig. 37a are i l lu s tra te d  in  Fig. 38. Results 
obtained fo r  the in i t ia l  and blunted p ro file s  are compared in Fig. 39. 
fo r the three entry conditions considered. The resu lts  indicate tha t 
blunting of the nose region increases the shock-layer thickness not only 
near the stagnation region but a l l  along the body, although there is  no 
s ig n ifica n t change in the body shape near the flank region. I t  is  
evident from Fig. 38 tha t p ro file s  3 and 4 do not influence the shock- 
standoff distance appreciably. This is  because the uniform mass loss 
tends to preserve the o rig ina l configuration o f the entry body. As 
would be expected, the shock-standoff distance, in  general, increases 
with decreasing a lt itu d e , and near the stagnation region the influence 
of nose blunting is  greater at lower a ltitu d e s .
Variation of the shock temperature ( i . e . ,  the temperature ju s t 
behind the shock) with distance along the body surface is  shown in  Fig. 40 
fo r the three entry conditions considered. For these conditions, the 
shock temperature, in general, is  found to be fo r  higher entry 
a ltitu de s . The e ffe c t o f blunting is  seen to increase the shock
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temperature along most o f the downstream region o f the probe. For 
Z = 116 km, a maximum difference o f 5.6 percent is  found at the tangency 
point (where the forebody and afterbody coincide asym ptotically). The 
e ffe c t of b lunting is  seen to have re la t iv e ly  higher influence on the 
shock temperature fo r  the other two entry conditions. Results of 
moderate shape change (with uniform mass lo ss ), as shown by curves 3 and 
4, ind icate neg lig ib le  influence on the shock temperature. Variation in 
density ju s t  behind the shock along the body surface is  shown in  Fig. 41 
fo r  2 entry conditions, Z = 116 km and 138 km. In general, lower shock 
densities are associated w ith higher entry a ltitu d e s . This is  because 
the free stream densities are lower a t higher a ltitu d e s . The shock- 
density va ria tion  is  re la tiv e ly  higher fo r  the blunted p ro f ile ,  and a 
s ig n if ic a n t increase is  noted from the stagnation point to the tangency 
po in t. However, v ir tu a l ly  no d ifference is  seen a fte r the location 
s = 1. For Z = 116 km, a maximum difference o f 5.6 percent is  noted 
between the in i t ia l  and blunted p ro file s  at location s = 0.8. This 
d ifference is  even smaller (4.5 percent) fo r  resu lts  a t Z = 138 km. 
Results o f p ro file s  3 and 4 are in  general agreement w ith the resu lts  o f 
the in i t ia l  p ro file s ; a maximum difference o f 1.25 percent is  noted at 
s = 0.8 fo r  Z = 116 km.
Variations in  density and v -ve lo c ity  across the shock layer 
are shown in  Figs. 42 and 43 respectively. Figure 42 shows the 
density va ria tion  fo r  two body locations (s = 0 and 1.4) and 
entry conditions (Z = 116 km and 138 km). I t  is  seen tha t along the 
stagnation lin e  the density is  not influenced by the shape change. 
However, s ig n if ic a n t differences in  resu lts  of the in i t ia l  and blunted 
p ro file s  are noted fo r  the downstream location o f s = 1.4. The density
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values are lower fo r  the blunted p ro f ile  because the temperatures are 
re la tiv e ly  higher. Uniform p ro file  changes do not a lte r  the density 
values appreciably. Figures 43a and 43b show tha t shape change does 
not influence the radia l component of ve lo c ity  s ig n if ic a n tly  along the 
stagnation streamline. However, blunting is  seen to influence the 
ve loc ity  toward downstream locations.
In the shock laye r, va ria tion  in pressure is  re la tiv e ly  small as 
compared to varia tions in  temperature and density. The varia tion  of 
pressure along the wall is  shown in Fig. 44 fo r  the four p ro file s  and 
three entry conditions. As would be expected, pressure d is tib u tio n  is  
re la tiv e ly  higher fo r  lower a ltitu d e s , and the maximum pressure occurs 
at the stagnation point. Results o f p ro file s  with uniform mass loss are 
not s ig n if ic a n tly  d iffe re n t from the resu lts  of the in i t ia l  p ro f ile . 
Blunting o f the entry body is  seen to increase the wall pressure s ig n if­
ica n tly  d iffe re n t from the resu lts  o f the in i t ia l  p ro f ile .  Blunting of 
the entry body is  seen to increase the wall pressure s ig n if ic a n tly , the 
increase being maximum closer to the tangency point. Blunting does not 
seem to a ffe c t the stagnation region and downstream pressure d is tr ib u tio n  
appreciably. However, i t  is  possible fo r the blunted probe to experience 
re la tiv e ly  higher to ta l drag.
The rad ia tive  heating resu lts  are illu s tra te d  in  Figs. 45a and 45b. 
In each case, the heating rate is  seen to be s ig n if ic a n tly  higher fo r 
the blunted p ro f ile  a l l  along the body. This, however, is  expected 
because the shock temperature and shock-standoff distance are re la tiv e ly  
higher fo r  the blunted p ro file  (see Figs. 39 and 40). The maximum 
stagnation point heating occurs, o f course, a t Z = 116 km. For th is  
case, the blunted p ro f ile  heating rate is  about 9 percent higher than the
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Fig. 44 Surface pressure va ria tion  fo r  45-degree sphere cone.
R eprod u ced  with perm ission o f the copyright ow ner. F urther reproduction prohibited w ithout perm ission.
127
C Vl
o
Ll_ U _
3  O  O  
__I C£ oc: 
DQ CL d
OO
O
OO
c mCO
oOOoo
*  c
Qd
V )
II
(/>
CM
5  s  
o f gc r S
R eproduced  with perm ission o f the copyright ow ner. Further reproduction prohibited w ithout perm ission.
Fi
g.
 
45a
 
R
ad
ia
tiv
e 
he
at
in
g 
ra
te
s 
fo
r 
45
-d
eg
re
e 
sp
he
re
 
co
ne
, 
Z 
= 
116
 
km
.
128
o
CM
vO
O
O
COCOo coLT\
M
oo
o
M
O
ooo oooCO
# c
CSL
</»
1 /5
O’
R eproduced  with perm ission o f the copyright ow ner. Further reproduction prohibited w ithout perm ission.
Fi
g.
 
45
b 
R
ad
ia
tiv
e 
he
at
in
g 
ra
te
s 
fo
r 
45
-d
eg
re
e 
sp
he
re
 
co
ne
.
129
in i t ia l  p ro file  heating. Figure 45a shows tha t heating rates fo r  p ro file s  
3 and 4 are lower than those o f the in i t ia l  p ro f ile .  A d ifference of 
4.9 percent between in i t ia l  p ro f ile  and p ro f ile  3, and o f 5.3 percent 
between in i t ia l  p ro f ile  and p ro f ile  4, is  noticed a t the stagnation 
po in t. Results presented in  Fig. 45b ind icate tha t the stagnation-region 
heating is  comparatively higher fo r Z = 109 km than fo r  Z = 138 km.
The difference between stagnation-point heating rates fo r  the blunted 
and in i t ia l  p ro file s  is  10 percent fo r  Z = 109 km and 6 percent fo r  
Z = 138 km. The resu lts  c le a rly  ind icate  tha t the shape change can have 
s ig n if ic a n t influence on heating o f the afterbody o f the entry probe.
7.4.2 Results fo r  35-Degree Hyperboloid
Some important resu lts  obtained fo r  the 35-degree hyperboloid 
p ro file s  (see Fig. 37b) are presented in  Figs. 46 to 52. As expected, 
the hyperboloid resu lts  show a smoother trend than the sphere cone 
resu lts . The shock standoff va ria tion  w ith distance along the body 
surface is  il lu s tra te d  in  Fig. 46 fo r  the three entry conditions 
considered. The resu lts  ind icate tha t shape change increases the shock 
standoff distance a l l  along the body. The increase is greater fo r  the 
blunted p ro f i le ,  and a maximum increase of 8.5 percent is  noted fo r 
Z = 109 km at s = 0. The resu lts  o f p ro f ile  3 show an increase of 
only about 3 percent fo r  Z = 109 km at s = 0. Variation o f the shock 
temperature is  il lu s tra te d  in  Fig. 47. The resu lts  show tha t the shape 
change has only a s lig h t influence on the temperature between locations 
s = 0.2 and 1.2, and i t s  e ffec ts  are neg lig ib le  fu rth e r downstream. 
Variation in  the shock density fo r  the in i t ia l  and blunted p ro file s  is  
shown in Fig. 48 fo r  entry conditions a t Z = 116 km and 138 km. The
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Fig. 47 Varia tion o f temperature ju s t  behind the shock fo r  35-degree hyperboloid.
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Fig. 48 Varia tion o f density ju s t  behind the shock fo r  35-degree hyperboloid.
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resu lts  ind icate  only s lig h t influence o f the shape change on the 
density va ria tion .
The changes in  ve lo c ity , density, temperature, and pressure across 
the shock layer o f a hyperboloid esse n tia lly  fo llow  the same general 
pattern as fo r  the sphere cone, but the e ffec ts  of shape change are not 
as pronounced. Variations in density and v -ve lo c ity  across the shock 
layer are shown in  Figs. 49 and 50, respective ly. Figure 49 shows the 
density va ria tion  fo r  two body locations (s = 0 and 1.5) and entry 
conditions (Z = 116 km and 138 km). I t  is  seen tha t along the stagna­
tion  lin e  the density is  not influenced by the shape change. However, 
small d ifferences in  resu lts  o f the in i t ia l  and blunted p ro file s  are 
noted fo r  the downstream location o f s = 1.5. Uniform p ro f ile  changes 
a lte r  the density only s l ig h t ly  in  the regions closer to the body.
Figure 50 shows tha t along the stagnation streamline the shape change 
does not have any influence on the radia l component o f v e lo c ity ; only 
s lig h t changes are noted fo r  Z = 138 km and a t s = 1.5.
The pressure d is tr ib u tio n  along the wall is  illu s tra te d  in Fig. 51 
fo r  the three entry conditions. The resu lts  indicate tha t blunting o f 
the body s lig h t ly  increases the wall pressure fo r  conditions Z = 116 km 
and 138 km. Results o f the in i t ia l  p ro f ile  and the p ro file  w ith 
uniform mass loss were so close th a t the d ifference could not be shown 
in  Fig. 51.
The resu lts  o f ra d ia tive  heating are presented in Fig. 52. These 
resu lts  fo llow  the general trend o f the sphere cone resu lts . The 
differences in  stagnation-point heating rates fo r  the in i t ia l  and 
blunted p ro file s  are found to be 4.9, 4 .1 , and 3.2 percent fo r  Z = 109 
km, 116 km, and 138 km, respective ly. Results of the p ro f ile  w ith
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uniform mass loss are not seen to be s ig n if ic a n tly  d if fe re n t from the 
resu lts  o f the in i t ia l  p ro f ile .
7.4.3 Comparison o f Peak Heating Results
Peak heating resu lts  fo r  the 45-degree sphere cone, 35-degree 
hyperboloid, and 45-degree e llip s o id  are compared in  Figs. 53 to 57. 
Results fo r  the 45-degree e llip s o id  are seen to fo llow  the same general 
trend as resu lts  fo r  the 45-degree sphere cone; and, in comparison, 
resu lts  fo r  the 35-degree hyperboloid are seen to e xh ib it a re la tiv e ly  
smoother trend. In the stagnation region, a l l  resu lts  fo r  the e llip s o id  
are seen to be higher than resu lts  o f the other two-body shapes.
Variations in  the shock-standoff d istance, il lu s tra te d  in  Fig. 53, 
ind ica te  tha t the standoff distances fo r  the e llip s o id  are much greater 
than fo r  the sphere cone, and, fo r  the most pa rt, the hyperboloid resu lts  
f a l l  between these two resu lts . For the e llip s o id , the e ffe c t o f 
b lunting is  seen to be quite pronounced in  the stagnation region. As 
such, one would expect a higher stagnation-region heating rate fo r  the 
e llip s o id .
The shock-temperature va ria tion s , il lu s tra te d  in  Fig. 54, ind icate  
tha t the temperatures are higher fo r  the e llip s o id  near the stagnation 
region, but they f a l l  between the resu lts  o f the hyperboloid and sphere 
cone between s = 0.6 and 1.2. A fte r location s = 1.2, the resu lts  
are s l ig h t ly  lower than the resu lts  o f the sphere cone. In general, the 
shape change is  seen to have greater e ffe c t on the temperature d is tr ib u ­
tion  fo r  the e llip s o id  than fo r  the sphere cone. Variations in  the shock 
density (Fig. 55) fo llow  esse n tia lly  the same trend as the temperature 
va ria tions . The e ffec ts  o f shape change fo r  the e llip s o id , however, are
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not as pronounced as fo r  the sphere cone. For the e llip s o id , blunting 
resu lts  in  a maximum increase in  density o f 1.2 percent a t s = 0.8.
The resu lts  o f uniform mass loss, however, do not show any s ig n if ic a n t 
change.
The pressure d is tr ib u tio n  along the body surface is  i l lu s tra te d  in  
Fig. 56. The resu lts  show tha t the shape change has a considerable 
e ffe c t on the pressure varia tions fo r  the e llip s o id  in the range s = 0.6 
to 1.2. The to ta l drag fo r  the e llip s o id , however, may not be greater 
than th a t fo r the sphere cone. As noted e a r l ie r ,  the shape change does 
not have s ig n ifica n t influence on the pressure d is tr ib u tio n  fo r  the 
hyperboloid, but the to ta l drag fo r  th is  shape can be higher than the 
other two shapes.
The rad ia tive  heating rates fo r  the three entry shapes are compared 
in Fig. 57. As expected, the rad ia tive  heating rates fo r  the e llip s o id  
are comparatively higher in the stagnation region. In the downstream 
region, however, the resu lts  f a l l  between the resu lts  of the hyperboloid 
and sphere cone. For the e llip s o id , blunting resu lts  in  a maximum 
increase in heating o f 7 percent at s = 0.8. In general, the increase 
in heating rates due to shape change is  seen to be greater fo r  the sphere 
cone and e llip s o id  than fo r  the hyperboloid. Also, the shape change 
is  seen to have considerably more e ffe c t on heating of the afterbody fo r  
the sphere cone and e llip s o id  than fo r  the hyperboloid. The resu lts  
fu rth e r indicate tha t the to ta l rad ia tive  heating load ( i . e . ,  the to ta l 
rad ia tive  heat input) to the entry body w il l  be comparatively higher fo r  
the e llip s o id , and th is  w i l l  be followed by the resu lts  fo r  the hyper­
boloid and sphere cone, respective ly.
The resu lts  presented in  th is  section ind icate tha t uniform mass 
loss resu lting  in  a shape tha t corresponds close ly to the in i t ia l
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p ro f ile  does not a ffe c t the shock-standoff distance, temperature, density 
and pressure d is tr ib u tio n  along the body appreciably. In such cases, 
rad ia tive  heating rates to  the body are not d iffe re n t s ig n if ic a n tly  from 
the heating rates to the body w ith in i t ia l  configurations. Blunting of 
the nose region, however, is  seen to have a s ig n ifica n t influence on the 
en tire  flow  phenomena in  the stagnation and downstream regions. I t  is  
noted tha t the shock-standoff distance increases with increasing nose 
b lunting. While nose blunting resu lts  in  increasing the shock tempera­
ture a ll along the body, i t s  influence on increasing the density is  
s ig n ific a n t only in  the stagnation region. In the downstream regions, 
the ve lo c ity , density, temperature, and pressure are altered s ig n if ic a n tly  
across the shock layer because of changes in  the probe configurations.
In most cases, considerable increase in rad ia tive  heating rates is  noted 
in  the stagnation as well as downstream regions due to severe nose 
b lunting. Blunting o f the entry body is  seen to increase the wall 
pressure d is tr ib u tio n  s ig n if ic a n tly . But, i t s  e ffe c t on stagnation- 
region and afterbody pressure d is tr ib u tio n  is  re la tiv e ly  small. However, 
i t  is  possible fo r  the blunted sphere cone and e llip s o id  to experience 
re la tiv e ly  higher to ta l drag. Blunting is  seen to increase the rad ia tive  
heating rates a ll along the body fo r  a ll configurations considered. But, 
in the stagnation region, the increase is  re la tiv e ly  higher fo r  the 
e llip s o id  and sphere cone than fo r  the hyperboloid. The shape change is  
seen to have considerably more e ffe c t on heating o f the afterbody fo r 
the sphere cone and e llip s o id  than fo r  the hyperboloid. I t  is  fu rther 
noted tha t the to ta l rad ia tive  heating load to the body w il l  be 
comparatively higher fo r  the e llip s o id  followed by that fo r  the hyper­
boloid and sphere cone.
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CONCLUSIONS
Results were obtained to investigate the influence o f s im p lified  
rad ia tion  models, nonequilibrium rad ia tive  energy transfe r and probe 
configuration changes on the flow properties and the heating rates in  the 
stagnation and downstream regions of a Jovian entry body. Results 
obtained by using a simple 30-step rad ia tion  absorption model are found 
to be in good agreement w ith resu lts  o f other sophisticated models 
available in  the lite ra tu re . I t  is  found tha t use o f the present model 
reduces the computational time s ig n if ic a n tly . However, use o f th is  
s im p lified  model is  recommended only fo r  general parametric studies.
The rad ia tive  transfe r equation has been formulated under the non­
local thermodynamic equilibrium  (NLTE) conditions. The NLTE effects  are 
seen to enter through the absorption co e ffic ie n t and the source function. 
The NLTE source function is  expressed in  terms o f the Planck function , a 
NLTE parameter tha t measures the re la tiv e  importance of the c o ll i  sional 
and rad ia tive  deactivation processes in  the gas and the influence factors 
a ris ing  from the higher level energy tra n s itio n s . The influence o f NLTE 
on the en tire  shock-layer flow  phenomena is  investigated by neglecting 
the contributions of ab lative products as well as by including them.
The resu lts  obtained in  the absence o f the ab la tive  species in  the 
shock layer ind icate  tha t the NLTE e ffec ts  are greater closer to the body 
than near the shock. The influence o f NLTE, in  general, is  to reduce the 
convective and rad ia tive  heating to the entry body; a s ig n if ic a n t reduction 
in  rad ia tive  heating is  noted. The NLTE e ffec ts  are greater fo r  higher 
entry conditions. The NLTE re su lts , however, are not influenced by the 
change in  the forebody configurations.
R eproduced  with perm ission o f the copyright ow ner. Further reproduction prohibited w ithout perm ission.
147
The viscous shock-layer equations w ith coupled ablation and mass 
in je c tio n  ( fo r  the entry probe with carbon phenolic heat sh ie ld) are 
solved under the NLTE conditions. The Swan (0 ,0 ), Freymark (0 ,1 ), and 
Mulliken (0,0) bands of the Cg band systems are treated to be in 
nonequilibrium in  the ablation layer. F low -fie ld  resu lts  obtained fo r  
the peak-heating conditions ind icate  tha t the temperature d is tr ib u tio n  
in  the shock layer is  lower under NLTE conditions. S im ilar behavior is  
also noticed fo r the enthalpy d is tr ib u tio n . I t  is  found tha t NLTE 
increases the density in  the shock layer but i t  has no influence on the 
pressure va ria tion . The rad ia tive  heating to the entry body is  increased 
because of NLTE and th is ,  in  tu rn , resu lts  in  increased mass loss from 
the body.
For investiga ting  the influence of shape change o f the entry probe 
on the flow f ie ld ,  d iffe re n t in i t ia l  configurations (45-degree.sphere 
cone, 35-degree hyperboloid, and 45-degree e llip s o id )  fo r  the entry probe 
were considered and resu lts  were obtained fo r  three d iffe re n t entry 
conditions (Z = 109, 116, and 138 km). The resu lts  ind icate tha t uniform 
mass loss resu lting  in  a shape tha t corresponds closely to the in i t ia l  
p ro f ile  does not a ffe c t the shock-standoff distance, temperature, density, 
and pressure d is tr ib u tio n  along the body appreciably. Blunting o f the 
nose, however, is  seen to have a s ig n if ic a n t influence on the en tire  
flow phenomena in  the stagnation and downstream regions. Blunting o f the 
entry probe increases the rad ia tive  heating rates a l l  along the body fo r  
a l l  in i t ia l  configurations considered. In the stagnation region, however, 
the increase is  re la tiv e ly  higher fo r  the e llip s o id  and sphere cone than 
fo r  the hyperboloid. I t  is  concluded th a t, due to the shape change, the 
to ta l heating load to  the body w il l  be higher fo r  the e llip s o id  than the 
hyperboloid and sphere cone.
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APPENDIX A 
FINITE DIFFERENCE SCHEME FOR VISCOUS 
RADIATING SHOCK-LAYER FLOW
The so lu tion o f the second order p a rtia l d if fe re n t ia l equation 
expressed by Eq. (6.3) is  obtained by employing the im p lic it  f in i te  
d ifference scheme. For th is  purpose, the shock layer is  considered as a 
network o f nodal points with a variable g rid  space in  the n -d ire c ti on. 
The scheme is  shown in  Fig. A .l where m is  a s ta tion  measured along 
the body surface and n denotes the s ta tion  normal to  the body surface. 
The derivatives are converted to f in ite -d iffe re n c e  form by using Taylor's  
series expansions. Thus, unequal space centra l d ifference equations in  
the n -d ire c ti on at point m, n can be w ritte n  as
A typ ica l d ifference equation is  obtained by substitu ting  the above
+  — Li------------- L!— l  ^
AnnAnn-l m,n
(A .la )
9n2 n AV Ann AV 1)Wm,n+l " AnnAnn-l Wm,n
(A .lb )
+
Ar>n_-|(An^ + Ann_-|)Wm,n-l
9W\ _ ^m,n ~ ^m-l,n
3C m AC (A .lc )
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equations in Eq. (6.3) as
V n  * - ' V Bn> -  W W l  '  <c/ BA . n - l  <A' 2>
where
A„ = (2 + V V l )/[Ann(4V AV l )]
Bn = - [2 - a, (Ann - AV l )]/(A W l >  - a2 - a ^ . - ,  
cn = (2 - a1Ann)/[An„.1(Ann + Ann. , ) ]
Dn = a3 '  aA - l  ,n/AEm-l 
Now, i f  i t  is  assumed tha t
V  “  EA , .v H  + F„  <A' 3>
or
wm n 1 = E« "1N + F , (A.4)m,n-l n-1 m,n n-1 v '
then by substitu ting  Eq. (A.4) in to  Eq. (A.2 ), there is  obtained
W =  [~A / ( B + CE . ) ]«  n .. m,n n n n n-1 m,n+l
+ ( "D„ - CnFn + CnEn l )  (A*5)n n n-1 n n n-1
By comparing Eqs. (A.3) and (A.5 ), one finds
En '  - V < V CnEn-l> <A' 6>
F» * « - D„ -  V n - l ^ n  + W l ’ <A' 7>
Now, since E-j and are known from the boundary conditions, En and
Fn can be calculated from Eqs. (A.6) and (A.7). The quantities Wm n 
at point m, n can now be calculated from Eq. (A.3).
The overall so lution procedure s ta rts  w ith evaluation o f the flow 
properties immediately behind the shock by using the Rankine-Hogoniot
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re la tion s . With known shock and body surface conditions, each o f the 
second-order p a rtia l d if fe re n tia l equations are integrated numerically 
by using the trid iagona l formalism o f Eq. (6.3) and fo llow ing the pro­
cedure described by Eqs. (A.2) to  (A.7). As mentioned before, the 
solutions are obtained f i r s t  fo r  the stagnation streamline. With th is  
solution providing the in i t ia l  conditions, the solution is  marched down­
stream to the desired body location . The f i r s t  so lution pass provides 
only an approximate f lo w - f ie ld  so lu tion . This is  because in  the f i r s t  
so lution pass the th in  shock-layer form of the normal momentum equation 
is  used, the stagnation streamline so lu tion is  assumed to be independent 
o f downstream influence, the term dys/d£ is  equated to  zero at each 
body s ta tio n , and the shock angle a  is  assumed to be the same as the 
body angle 0. A ll these assumptions are removed by making additional 
so lution passes.
In the f i r s t  so lution pass, the viscous shock-layer equations are 
solved at any location m a fte r  obtaining the shock conditions from the 
free-stream conditions. The converged solutions at s ta tion  (m-1) are used 
as the in i t ia l  guess fo r the so lu tion at s ta tion  m. The so lu tion is  
ite ra ted  lo c a lly  u n t il convergence is  achieved. For the stagnation 
stream line, guess values fo r  dependent variables are used to s ta r t the 
so lu tion. In the f i r s t  local ite ra t io n , (3ns/9£) and (9W/9?) are 
assumed to be zero. The energy equation is  then itegrated numerically to 
obtain a new temperature. By using th is  temperature, new values o f 
thermodynamic and transport properties are calculated. Next, the 
x-momentum equation is  integrated to  fin d  the fi component o f ve lo c ity . 
The con tinu ity  equation is  used to obtain both the shock standoff 
distance and the v component o f ve lo c ity . The pressure P is
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determined by in teg ra ting  the normal momentum equation. Then the equa­
tio n  o f sta te is  used to determine the density value.
With known stagnation streamline so lu tion  and body surface and 
shock conditions, the above procedure is  used to fin d  solutions fo r  any 
body location m. The flow chart fo r  the computational procedure is  
shown in  Figs. A.2 and A.3. Further d e ta ils  o f th is  procedure and flow 
chart are given in  Ref. 35. The flow  chart fo r  the NLTE rad ia tion  
computation is  shown in  Fig. A.4 and the in teg ra ls  used in  th is  chart are 
defined in  Fig. A.5.
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Fig. A.2 Flow-chart fo r  shock-layer so lu tion procedure.
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Fig. A.3 Flow-chart fo r  subroutine SHOKLY fo r  shock-layer so lu tion.
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Fig. A.4 Flow-chart fo r  subroutine NRAD.
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Fig. A.4 Flow-chart fo r  subroutine NRAD. (Concluded),
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ACN(K,N) = AC(K,N) [l + 7) + h-rj/2 -  4 k ) ] / x
X  = J  j21r/7i/2 /c2 + exp(-hz//kT) j dy 
^ 1
X 1
z/k2
= /  v /[exp(y)-•l]d y
^ 1
= /  {y3/[exp(ky- l)]}d y
^ 1
* 2 = 71 [q .fx (n  + 1) -  Q FX(N )]/47tAC(K,N)'
Term  1 (K,N) 
Term  2 (K,N)
(2h/c2) (kT4/h) X x - X2 
(e h/c2) Xg
QPN(K,N) = /  Term  1 (K,N) ACN(K,N) E« [ /  a(N'')dN;* d£ 
0 4 LO j  J
N rN  1 f I
QPN1(K,N) = Jf Term  2 (K,N) Eg |^ jf a.(N )dN J
0 0 
$
QMN(K,N) = J* Term  1 (K,N) ACN(K,N) E2 H* a /N ^dN - 
N LN J .
d|
Fig. A.5 D e fin itio n  o f in teg ra ls  used in  NRAD.
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